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16.  Abstract 

■/>  The  pressure  modeling  technique  is  used  to  study  fire  spread  under  five  different 
ceiling  materials  and  analytical  and  numerical  techniques  are  used  to  compute 
thermal  radiation  to  floor  level  from  the  resultant  layer  of  hot  gases  near  the 
ceiling.  In  the  physical  modeling  part  of  the  study,  measurements  are  obtained 
at  one  atmosphere  (full-scale)  and  at  elevated  air  pressure  characterizing  fire 
growth  in  a  ceiling  channel  exposed  to  a  developing  PMMA  wall  fire.  Pressure 
modeling  predictions  of  flame  spread  rates  under  a  PMMA  ceiling  and  flame  lengths 
under  an  inert  ceiling  are  found  to  be  in  reasonable  agreement  with  full-scale 
behavior.  Although  fire  spread  under  aircraft  material  ceilings  occurs  only  at 
elevated  pressure  and  not  at  one  atmosphere  (due  to  charring  effects  and  the  use 
of  full-scale  material  thickness  in  the  models),  exponential  growth  factors 
characterizing  fire  spread  rates,  mass  loss  rates  and  radiant  heat  loss  in  the 
model  tests  are  used  to  group  the  five  ceiling  materials  according  to  fire 
growth  hazard.  In  the  second  phase  of  the  study,  an  exact,  numerical  solution 
technique  is  formulated  for  computing  the  radiant  flux  from  hot  gas  layers  with 
arbitrary,  three-dimensional  variations  in  gas  temperature  and  absorption  co- 
efiicient.  A  simplified,  analytic  approximation  involving  the  use  of  a  suitably 
averaged  gas  temperature  and  absorption  coefficient  is  compared  with  the  exact 
technique  for  the  calculation  of  radiant  flux  to  targets  below  the  ceiling  gas 
layer.  It  is  found  that  the  analytic  approximation  is  adequate  even  when 
gradients  in  temperature  are  much  larger  than  those  expected  from  real  aircraft 
cabin  fires,  _ 
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INTRODUCTION 


1 . 1  PURPOSE 

The  purpose  of  this  project  is  I)  to  model  the  fire  growth  which  can  occur 
along  ceiling  channels  (simulating  an  aircraft  fuselage)  through  the  use 
of  small-scale  experiments  at  elevated  air  pressure  and  2)  to  model  the  radiant 
heat  transfer  from  ceiling  fire  gases  in  a  long  channel  through  analytical  and 
numerical  techniques. 

1.2  BACKGROUND 

Fire  growth  within  an  aircraft  cabin  environment  can  occur  by  several 
different  modes.  One  such  mode  is  by  upward  fire  spread  on  vertical  surfaces, 
a  process  which  can  be  very  rapid.  In  a  previous  study-*-,  the  feasibility  of 
modeling  upward  fire  spread  on  vertical  walls  through  the  use  of  small-scale 
experiments  at  elevated  air  pressure  (pressure  modeling)  was  proven  for  a  fuel 
with  simple  vaporization  characteristics,  polymethylmethacrylate  (PMMA) .  Rela¬ 
tive  rates  of  upward  spread  among  15  different  aircraft  materials  at  elevated 
air  pressures  were  also  investigated  in  this  study.  As  a  result  of  the  work 
in  reference  1,  it  was  found  that  samples  of  aircraft  materials  could  be  con¬ 
veniently  ranked  by  characteristic  rate  of  upward  fire  spread,  with  such  a 
ranking  being  reasonably  independent  of  absolute  air  pressure  in  the  range  from 
10  to  30  atmospheres. 

Another  mode  for  fire  growth  in  a  fuselage  type  of  enclosure  is  by  flame 
spread  on  the  long  ceiling  channel  formed  by  the  cabin  ceiling  and  walls.  The 
hot  gas  layer  near  the  ceiling  resulting  from  such  fire  spread  can  lead  to  full 
enclosure  involvement  in  fire  due  to  radiative  heat  transfer  to  lower  levels 
at  large  distances  from  the  ignition  location.  Fire  spread  under  ceilings  as 
well  as  steady  burning  of  ceilings  has  not  been  studied  in  detail  compared  to 
other  modes  of  fire  spread.  Recent  progress  in  this  urea  has  resulted  from 
work  which  appears  in  references  2-8.  Babrauskas'-  estimates  flame  lengths 
under  open  and  channeled  inert  ceilings  due  to  pool  fire  plume  impingement. 

A  simplified  mass  flow  calculation  procedure  is  used  m  reference  2  to  obtain 
results  for  comparison  with  extensive  measurements  by  You  and  Faeth^  on  small- 
scale  (less  than  0.34  m  height)  axisymmetric  impinging  flames  and  by  Hinkley 
et  alL  on  flames  along  large-scale  channels.  Flame  spread  in  the  direction  of 
forced  convective  flows  is  analyzed  by  Fernandez-Pel lob  and  by  Annamalai  and 
Sibulkin-*  for  the  laminar  case  where  thermal  radiation  is  unimportant  and  by 
Carrier  et  alJ  for  the  tunnel  geometry  used  in  the  ASTM  E84  flammability  test. 
In  the  latter  reference-*,  numerical  solution  of  a  very  complex  mathematical 
formulation  is  required.  Movement  of  smoke  or  combustion  products  in  large- 
scale  ceiling  channels  has  been  analyzed  recently  by  Delichatsios^*  while 
Hwang  et  al1*  have  previously  studied  product  flow  along  the  ceilings  of  venti¬ 
lated  ducts.  Work  done  by  Alpert10  establishes  simplified  integral  models  for 
nonreacting  ceiling-jots  in  two-dimensional  channels.  The  flow  studied  in 
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reference  10  results  from  impingement  of  a  line  plume  across  the  entire  channel 
width  rather  than  from  axisymmetric  plume  impingement,  as  in  reference  A.  None 
of  the  preceding  theoretical  work  directly  addresses  the  problem  of  predicting 
self-sustained  fire  spread  in  ceiling  channels,  although  many  of  the  results 
can  eventually  be  applied  to  making  such  predictions. 

Because  of  the  absence  of  proven  theoretical  predictive  techniques,  the  first 
part  of  the  present  study  investigates  the  possibility  of  physical  modeling 
of  the  ceiling  fire  spread  phenomenon  through  use  of  the  pressure  modeling 
technique.  In  this  first  section  of  the  report,  small-scale  tests  run  at  ele¬ 
vated  ambient  pressure  yield  measurements  of  transient  flame  lengths,  mass  loss 
rates  and  radiant  heat  loss  for  five  different  ceiling  materials  exposed  to  a 
PMMA  wall  fire  at  one  end  of  a  long  channel.  Full-scale  tests  with  the  same 
five  materials  and  an  analysis  of  the  effect  of  pressure  on  radiant  heat  loss 
are  used  to  evaluate  modeling  success.  Results  show  the  modeling  to  be  sur¬ 
prisingly  accurate  for  both  inert  and  PMMA  ceilings  in  spite  of  relatively  thick 
hot-gas  layers,  radiation  from  which  cannot  be  readily  modeled  at  elevated  air 
pressure.  However,  it  is  shown  that  the  flame  spread  process  is  not  modeled 
for  three  aircraft  material  ceilings,  probably  due  to  charring  effects  and 
the  impracticality  of  changing  the  thickness  of  complex,  composite  materials. 

(A  factor  of  10  decrease  in  full-scale  thickness  is  required  for  modeling  at 
31  atmospheres.) 

In  the  second  part  of  the  report,  radiant  heat  loss  from  realistic,  corridor¬ 
like  ceiling  fires  is  examined  in  detail.  As  part  of  this  study,  the  con¬ 
sistency  of  several  different  ceiling  layer  temperature  and  heat  flux  measure¬ 
ments  made  during  the  series  of  full-scale  tests  is  analyzed.  Exact  numerical 
calculation  of  radiant  heat  flux  from  hot  gases  in  a  long  ceiling  channel  (such 
as  an  aircraft  cabin)  are  then  shown  to  be  in  very  good  agreement  with  results 
from  an  approximate,  analytical  technique.  This  analytical  procedure  greatly 
simplifies  the  task  of  calculating  radiant  emission  from  inhomogeneous  hot  gas 
layers  of  known  size,  composition  and  temperature. 
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PRESSURE  MODELING  OF  CEILING  FLRE  GROWTH 


2. 1  EXPERIMENTAL  ARRANGEMENT 

2.1.1  MODELING  TECHNIQUE.  The  pressure  modeling  technique  for  prediction  of 
transient,  large-scale  fire  phenomena  from  small-scale  experiments  is  fully 
described  in  references  12-14.  As  explained  in  these  references,  the  modeling 
scheme  requires  the  reduction  of  all  characteristic  length  scales  as  the  minus 
2/3  power  of  absolute  air  pressure.  This  type  of  scaling  preserves  the  full- 
scale  relationship  among  gas  phase  inertial,  buoyant  and  viscous  forces.  Solid 
phase  thermal  response  and  vaporization  characteristics  will  also  model  full- 
scale  phenomena,  but  on  a  time  scale  which  is  reduced  as  the  minus  4/3  power 

of  absolute  air  pressure.  The  previous  study  of  upward  fire  spread  has  shown 
that  the  modeling  scheme  may  not  generally  be  successful  if  thermal  radiation 
from  solid  surfaces  or  from  thick  gas  layers  is  the  dominant  heat  transfer  mode 
in  fire  growth. 

2.1.2  WALL-GHANNEL  CONFIGURATION.  The  prototype  configuration  to  be  pressure 
modeled  is  illustrated  by  the  schematics  in  Figures  1  and  2.  A  2.4  m  long, 

0.4b  m  wide  channel  is  formed  by  a  replaceable  ceiling  and  two  permanent  side- 
walls  extending  0.23  m  below  the  ceiling.  At  one  end  of  the  channel  is  a 

0.9  m  high  PMMA  wall  separated  from  the  ceiling  by  a  0.32  m  high  inert  wall 
section. 

Tests  are  initiated  by  ignition  of  the  PMMA  wall  at  the  single  point  shown  in 
the  schematics.  Use  of  a  point  ignition  greatly  enhances  experimental  repro¬ 
ducibility  and  simplifies  the  elevated  pressure  model  tests.  About  16  to  17 
minutes  after  this  ignition,  there  is  steady  flame  impingement  on  the  ceiling 
material  and  about  25  to  27  minutes  after  ignition,  flames  have  spread  laterally 
to  almost  the  full,  0.305  m  width  of  the  PMMA  wall.  If  the  PMMA  wall  width 
were  equal  to  the  0.46  m  channel  width,  complete  lateral  flame  spread  would 
not  occur  during  the  time  available  for  the  experiment  due  to  the  point  ig¬ 
nition  and  very  low  lateral  flame  spread  rate.  Some  35  to  40  minutes  after 
ignition,  safety  considerations  generally  dictate  a  termination  of  the  test  by 
ext inguislunent  of  the  PMMA  wall  fire. 

The  height  and  position  of  the  PMMA  wall  and  the  depth  of  the  channel  and 
vertical  side  walls  that  are  shown  in  Figures  1  and  2  were  selected  after  a 
number  of  model  experiments  at  elevated  air  pressure.  These  20-atmosphere  tests 
indicated  that  complete  flame  spread  over  an  inert  ceiling  would  occur  within 
30  minutes  (at  full-scale)  solely  as  a  result  of  the  PMMA  wall  fire  if  a  1.22  m 
high  wall  in  direct  contact  with  the  ceiling  were  used,  as  originally  planned. 

In  order  to  distinguish  among  different  combustible  ceilings  on  the  basis  of 
flame  spread  rate,  the  PMMA  wall  height  was  reduced  to  0.9  m;  a  0.32  m  high 
inert  wall  was  inserted  between  the  top  of  the  PMMA  wall  and  the  ceiling. 

With  this  final  arrangement,  it  was  found  from  the  model  experiments  that 
flames  from  the  PMMA  wall  fire  would  not  extend  along  the  complete  length  of 
an  inert  ceiling  for  the  equivalent  of  more  than  30-40  minutes  (see  Sections 
2 . 3  and  2.4). 
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Model  experiments  were  also  used  to  determine  the  minimum  channel  depth 
(distance  from  ceiling  to  bottom  of  channel  side-wall)  required  to  contain  the 
ceiling  gas  flow.  Initial  experiments  with  0.15  m  channel  depth  revealed  an 
excessive  amount  of  gas  leakage  with  inert  and  combustible  ceilings.  Such 
leakage  was  virtually  eliminated  with  the  final  selected  depth  of  0.23  m. 

This  value  is  in  good  agreement  with  the  predicted  maximum  thickness  of  a  two- 
dimensional  (planar)  ceiling-jet,  as  obtained  from  the  theory  of  reference  10 
(Figure  6).  For  a  ceiling  height  above  the  "point"  fire  source  of  0.77  m 
(assume  the  point  source  is  the  mid-height  of  the  PMMA  wall)  and  a  ceiling-jet 
Length  of  2.4  m,  the  predicted  value  of  ceiling-jet  thickness  from  reference  10 
is  0.21  m. 

The  depth  of  the  vertical,  confining  side-walls  on  the  PMMA  wall  at  the  end  of 
the  channel  were  also  selected  from  model  experiments.  It  was  found  from  model 
tests  that  a  vertical  side-wall  depth  of  0.05  m  was  inadequate  for  containing 
flames  from  the  PMMA  wall  at  a  height  of  1.22  m  above  the  wall  base.  The 
minimum  acceptable  side-wall  depth  of  0.076  m,  finally  chosen,  represents 
1/16  of  the  total  PMMA  and  inert  wall  height,  a  ratio  obtained  previously^ 
from  full-scale  tests. 

2.1.3  FULL-SCALE  TESTS.  Full-scale  experiments  are  performed  with  each  of  the 
five  ceiling  materials  listed  in  Table  1.  In  addition,  duplicate  tests  are 
run  with  the  inert  and  PMMA  ceilings  for  much  longer  durations  than  the  initial 
tests.  For  the  PMMA  experiment,  data  are  only  obtained  during  a  steady  burn¬ 
ing  period  of  full  ceiling  involvement. 

Each  of  the  seven  full-scale  tests  are  instrumented  according  to  the  schematic 
in  Figure  1,  which  contains  instrument  symbols  explained  in  Table  2.  All 
instrumentation  is  located  as  close  as  possible  to  the  mid-plane  of  the  channel. 
The  main  measurement  station  for  these  experiments  is  about  1.82  m  from  the 
PMMA  wall.  At  this  station  are  located  two  different  narrow  angle  radiometers 
viewing  the  bottom  of  the  smoke  layer,  an  array  of  thermocouples,  and  a  smoke 
absorption  meter  consisting  of  a  radiometer  viewing  an  optically-chopped, 

725  C  blackbody  oven.  Both  narrow-angle  radiometers  utilize  an  optically  chopped 
beam,  amplifiers  "locked-in"  to  the  chopping  frequency  and  right  angle  mirrors 
for  viewing  the  layer  with  a  horizontal  radiometer  axis.  Calibration  of  the 
radiometers  is  performed  with  right  angle  mirrors  installed.  In  addition,  a 
thermocouple  and  a  water-cooled  Garden-type  heat  flux  gage  are  mounted  flush 
with  the  surface  of  the  inert  ceiling  in  order  to  obtain  surface  temperature 
and  total  heat  flux  to  the  ceiling  respectively.  With  combustible  ceilings, 
the  surface  thermocouple  is  not  used.  Instead,  a  (180°)  wide  angle,  radiant 
flux  measurement  is  made  by  an  upward  facing  Gardon  gage  at  the  center  of  the 
channel,  0.763  m  below  the  ceiling  surface. 

Gas  temperature  distributions  are  obtained  from  thermocouples  at  the  main 
measurement  station  and  at  three  other  locations.  Radiation  errors  are  minimized 
by  use  of  0.127  mm  dia  chromel-alumel  wire  and  by  thermocouple  bead  sizes  which 
are  less  than  twice  the  wire  dimension.  Conduction  errors  are  also  minimized 
by  keeping  thermocouple  wires  coincident  with  expected  isotherms. 


TABLE  1. -DESCRIPTION  OF  CEILING  MATERIALS 


Ceiling 

Material 

Inert 


Material 

Composition 

"Cotronics"  type  360 

ceramic  board 


Material 

Thickness 

50.8  mm:  p/pQ=  1.0 

12.7  mm:  p/p  *=  11.2 
o 

6.35  mm:  p/pQ=  21.4 
and  p/pQ=  31.6 


PMMA  Polymethyl  methacrylate 

cast  sheet  ("Plexiglas" 
type  G) 


31.75  mm:  p/p  =  10 

o 

6.35  mm:  p/PQ=  11-2 

3.18  mm:  p/p  =  21.4 

and  p/p  =  31.6 
o 


No.  B8811 

No.  223 


No.  234 


Honeycomb  Composite  6.99  ram  overall 

(solid  face  0.64  ram  thick) 

Honeycomb  Composite  12.45  mm  overall 

(perforated  face,  0.38  ram 
thick,  melts  and  sags,  expos¬ 
ing  honeycomb  during  fire  spread) 

Fiberglass  Reinforced  2.03  mm 

polyester  (rigid  solid 
leet) 


TABLE  2 . -MEASUREMENT  INSTRUMENTS  FOR  FULL-SCALE  TESTS 


Instrument  I.D. 


Description 


B1 


B2 


C3 


DA 


D5 

A6 

A7 

A8 

A9 

A10 

All 

A12 

A13 

A1A 


Radiometer,  1.3°  total  view  angle  of  smoke  layer, 
optically  chopped,  orifice  0.23  m  below*  ceiling, 
sensor  0.79  m  from  ceiling  (also  used  for  pres¬ 
sure  modeling  measurements) . 


Radiometer,  25. A  mm  diameter  parallel  beam  from 
smoke  layer,  optically  chopped,  orifice  0.23  m 
below  ceiling.  Uses  nitrogen  purged,  right 
angle  mirror. 

Smoke  Absorption  Radiometer.  25. A  mm  diameter 
parallel  beam  views  optically  chopped  radiation 
from  725°C  oven,  optical  axis  70  mm  below 
ceiling,  300  mm  path  length  for  smoke  absorption. 
Nitrogen  purged,  honeycomb  view  ports  define 
absorption  path  length. 


Gardon-type,  Total  Heat  Flux  Gauge,  180°  view 
angle,  0-10  W/cm^  range,  flush  with  surface  of 
inert  ceiling  (facing  down),  0.763  m  below 
aircraft  and  PMMA  ceilings  (facing  ceiling) . 

2 

Gardon-type  Radiometer,  0-10  W/cm  range. 
Nitrogen-purged  Irtran  II  window,  90°  total 
view  angle  of  smoke  layer,  0.61  m  below  ceiling. 


Thermocouple 

Thermocouple 

Thermocouple 

Thermocouple 

Thermocouple 

Thermocouple 

Thermocouple 

Thermocouple 

Thermocouple 


in  smoke  layer,  30  mm  below  ceiling 
in  smoke  layer,  63  mm  below  ceiling 
in  smoke  layer,  130  mm  below  ceiling 
in  smoke  layer,  191  mm  below  ceiling 
in  smoke  layer,  225  mm  below  ceiling 
in  smoke  layer,  70  mm  below  ceiling 
in  smoke  layer,  6A  mm  below  ceiling 
on  back  surface,  center  of  PMMA  wall 
on  surface  of  inert  ceiling. 


Increase  all  below-ceiling  distances  by  25  mm  (see  Figure  2)  for  Test  7-9-80. 

All  instrumentation  is  mounted  nearly  equidistant  from  the  two  channel  side-walls. 
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The  flame  spread  process  on  the  vertical  PMMA  wall  and  under  the  ceiling 
is  photographed  with  two  35  mm  cameras.  One  camera,  located  behind  the  trans¬ 
parent  PMMA  wall,  views  the  advance  up  the  wall  of  flame  followed  by  the  onset 
of  surface  bubbles  which  characterize  the  beginning  of  fuel  pyrolysis.  A  clear 
view  of  this  pyrolysis  front  and  the  upward  spread  process  is  obtained  from  be¬ 
hind  the  wall  if  the  camera  is  in  darkness  and  an  illuminated  white  surface  in 
front  of  the  wall  is  used  as  a  background.  The  second  camera,  which  is  motorized 
and  equipped  with  a  250-exposure-capacity  film  back,  views  the  ceiling  from  the 
side  of  the  channel  structure  through  a  long,  back  surface  mirror  set  at  a 
shallow  angle  (about  25°  to  the  horizontal)  on  the  laboratory  floor.  Because 
the  mirror  has  roughly  the  same  dimensions  as  the  ceiling,  the  side  camera  re¬ 
cords  flame  lengths  and  position  along  the  entire  ceiling  surface  and  on  much 
of  the  upper  portion  of  the  vertical  PMMA  wall.  A  digital  clock  and  a  length 
grid  appear  in  each  camera  view  to  facilitate  data  reduction  and  synchronization 
of  photographs  with  all  other  measurements. 

The  entire  full-scale  ceiling  channel  is  located  under  a  large-capacity, 
water-cooled  combustion  hood.  During  the  initial  stages  of  the  test,  when  up¬ 
ward  fire  spread  on  the  PMMA  wall  is  in  progress,  combustion  products  exit  the 
end  of  the  channel  and  flow  up  to  the  hood  exhaust  duct  by  natural  convection. 

A  fan  in  the  hood  exhaust  duct  is  activated  once  the  capacity  of  the  hood  is 
taxed  by  the  volume  of  combustion  products.  This  generally  occurs  well  after 
flame  impingement  on  the  ceiling  material. 

2.1.4  MODEL  TESTS.  Experiments  with  geometrically  scaled  models  of  the  full- 
scale  ceiling  channel  are  performed  at  elevated  air  pressures  of  11.2,  21.4  and 
31.6  atmospheres.  These  experiments  are  initiated  in  a  facility  consisting 
of  a  pressure  vessel  of  1.22  m  inside  diameter  and  2,7  volume.  Combustion 
products  are  well  above  the  model  ceiling  channel  for  all  experiments  due  to 
stratification  and  an  adequate  vessel  interior  volume.  Further  details  about 
the  pressure  vessel  and  the  remainder  of  the  facility  at  the  Factory  Mutual 
Research  Corporation  (FMRC)  may  be  found  in  reference  16. 

The  configuration  and  composition  of  the  wall  and  celling  channel  shown  in 
Figures  1  and  2  are  also  used  for  the  model  experiments.  All  full-scale  dimen¬ 
sions  given  in  Figures  1  and  2  are  reduced  by  the  factor,  (p/p0)~2/3>  where  p 
is  absolute  air  pressure  and  p0  the  reference,  atmospheric  pressure.  One  ex¬ 
ception  to  this  scaling  rule  is  the  thickness  of  the  three  aircraft  material 
ceilings.  Changing  the  thickness  of  complex,  composite  materials  is  generally 
not  possible  without  total  refabrication.  As  a  result,  the  normal,  full-scale 
aircraft  material  thickness  is  employed  at  all  test  pressures.  However,  the 
thickness  of  the  inert  and  PMMA  ceilings  is  scaled  roughly  as  the  required  p'2/3. 
Both  these  ceilings  are  thermally  thick  for  the  duration  of  the  fire  so  that  the 
exact  ceiling  thickness  is  unimportant. 

Another  exception  to  the  geometric  scaling  at  elevated  pressures  is  the 
Ignition  mode  shown  in  Figures  1  and  2.  For  all  experiments  at  elevated  pres¬ 
sure,  a  small  wooden  toothpick  is  used  to  ignite  the  PMMA  wall,  instead  of  a 
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scaled,  l’MMA  rod.  The  energy  applied  by  the  burning  toothpick  or  PMMA  rod  to 
the  PMMA  wall  at  all  scales  is  probably  close  to  the  minimum  amount  needed  for 
initiation  of  upward  fire  spread. 

Instrumentation  for  the  model  experiments  is  necessarily  limited  by  the 
space  available  in  the  vessel  and  the  elevated  pressure  environment.  As  in  the 
full-scale  experiments,  the  flame  position  under  the  ceiling  and  the  radiance 
of  the  bottom  of  the  ceiling  smoke  layer  are  measured  during  the  elevated  pres¬ 
sure  tests.  In  addition,  the  total  mass  loss  rate  of  the  combined  wall-ceiling 
configuration  is  measured  continuously  by  a  load  transducer  coupled  to  the  plat¬ 
form  on  which  the  ceiling  channel  is  mounted. 

The  radiometer  used  to  measure  the  radiance  of  the  ceiling  flames  and 
ceiling  surface  for  the  pressure  vessel  experiments  is  fully  described  in 
reference  1.  This  instrument,  which  is  also  used  for  the  full-scale  tests, 
views  the  ceiling  through  a  first  surface,  right-angle  mirror.  Although  soot 
from  the  burning  ceiling  can  be  deposited  on  the  mirror  during  a  given  experi¬ 
ment,  cleaning  of  the  mirror  with  acetone  and  cotton  after  each  test  prevents 
significant  buildup  of  residue.  Calibration  of  the  radiometer-mirror  system 
witli  a  blackbody  oven  has  shown  that  such  mirror  cleaning  does  not  adversely 
affect  infrared  reflectivity. 

Flame  position  under  the  model  ceilings  is  obtained  by  a  motorized  35  mm 
camera  viewing  the  ceiling  through  a  pressure  vessel  window  and  a  long  back 
surface  mirror  set  at  a  shallow  angle  on  the  load  platform.  Because  of  limited 
space  under  the  model  ceiling,  the  viewing  mirror  only  extends  from  the  PMMA 
wall  to  near  the  right-angle  mirror  of  the  radiometer.  Flame  position  measure¬ 
ments  are  thus  limited  to  about  2/3  the  total  channel  length,  except  that  the 
existence  of  flame  at  the  end  of  the  channel  can  be  viewed  directly  by  the 
camera  for  the  two  smallest  model  structures  used  at  21.4  and  31.6  atmospheres. 

2.2  EXPERIMENTAL  RESULTS:  FULL-SCALE  TESTS 


Measurements  from  all  seven  full-scale  tests  are  tabulated  in  the  Appendix, 
generally  as  a  function  of  time  (in  seconds)  after  ignition  of  the  PMMA  wall. 
The  tabulated  measurements  can  be  used  in  conjunction  with  the  schematics  of 
Figures  L  and  2  and  witli  the  instrument  descriptions  in  Table  2. 

2.2.1  UPVJARD  FLAME  SPREAD  ON  PMMA  WALL.  Measurements  of  flame  height  and 
pyrolysis  height  above  the  ignition  point  on  the  PMMA  wall  are  given  in 
Tables  A-l  and  A-2.  These  data  represent  the  results  of  two  separate  experi¬ 
ments  with  an  inert  ceiling  on  the  channel.  Although  the  flame  and  pyrolysis 
fronts  reach  the  top  of  the  PMMA  wall  in  about  750  and  900  s,  respectively, 
the  tear-shaped  flame  zone  does  not  occupy  the  full,  0.305  m  width  of  the  PMMA 
wall  at  any  height  until  roughly  1500  s  after  ignition. 

A  least  squares,  exponential  regression  fit  to  the  upward  spread  data 
yields  consistent,  pyrolysis  height  growth  factors  for  the  two  experiments  but 
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significantly  different  flame  height  growth  factors.  The  inconsistency  in  the 
latter  case  is  likely  due  to  rapid  flame  height  fluctuations  and  the  indistinct 
nature  of  the  flame  tip  in  photographs.  In  both  cases,  results  compare  favorably 
witti  measurements  made  in  the  previous  study^-  for  a  1.83  m  high  PMMA  wall  in  the 


open:  average 
0.0027  s_1  and 
and  0.0023  s_1 


exponential  growth  factors  for  pyrolysis  and  flame  heights  of 
0.0026  s~l,  respectively,  in  the  present  study  and  0.0024  s~^ 
in  the  previous-*-  study.  The  somewhat  higher  growth  factors  fc 


tudy.  The  somewhat  higher  growth  factors  for 


a  PMMA  wall  beneath  a  ceiling  channel  could  be  due  to  radiative  feedback  from 


the  ceiling,  heated  by  combustion  products  in  the  channel  flow. 


2.2.2  MASS  LOSS  RATH  OF  PMMA  MALL.  An  average  mass  loss  rate  per  unit  area  of 
the  burning  PMMA  wall  is  obtained  from  the  known  burning  time  at  a  given  wall 
height  (the  extinguishment  time  after  ignition  minus  the  pyrolysis  spread  time 
to  that  height  minus  an  80  s  transient  (see  reference  15)  before  quasi-steady 
burning),  from  the  weight  of  burned  wall  segments  cut  along  the  vertical  wall 
centerline  after  the  test,  and  from  the  initial  wall  thickness.  The  resultant, 
centerline  fuel  mass  flux  is  given  in  Table  A- 3  for  the  two  experiments  with  an 
inert  ceiling  on  the  channel.  As  expected,  average  fuel  mass  flux  is  much 
higher  for  the  longer  duration  test  because  of  the  gradual  buildup  of  thermal 
radiation  to  the  wall  from  both  the  channel  hot  gas  layer  and  the  channel 
ceiling.  Thermal,  radiation  from  the  ceiling  channel  is  also  the  reason  that  the 
mass  fluxes  above  a  0.6  m  height  for  the  shorter  duration  test  are  about  25% 
higher  and  for  the  longer  duration  test  about  45%  higher  than  those  measured  by 
Orloff  et  al* y  for  a  PMMA  wall  in  the  open.  Below  a  0.6  m  wall  height,  fuel 
mass  flux  for  the  shorter  duration  test  is  about  t he  same  as  that  given  in 
reference  15  but ,  for  L he  longer  duration  test,  about  24,  higher  than  the 
reference  15  values. 


2.2.3  CEILING  FIRE  GROm'H.  The  extent  of  flames  under  each  tested  ceiling 
of  the  channel  structure  is  given  in  Figure  3.  Flame  lengths,  also  listed  in 
Tables  A-4  to  A-9,  refer  to  the  horizontal  distance  between  the  inert  section 
of  the  channel  end  wall  (above  the  PMMA)  and  the  average  position  of  the  flame 
Lip.  Segments  of  flame  which  are  detuehed  from  the  main  body  of  visible  flame 
are  disregarded  in  making  the  flame  Length  determination. 


2. 2. 3.1  inert  Ceiling.  Witli  an  ine.t,  ceramic  board  ceiling  on  the  channel, 
flames  from  the  PMMA  wall  fire  gradually  increase  in  length  under  the  ceiling 
due  to  lateral  fire  spread  on  Che  PMMA  wall.  Such  spread  is  essentially  complete 
by  25  minutes  after  ignition,  when  flumes  extend  out  30-40  cm  along  the  ceiling. 
Subsequent  flame  lengthening  to  about  1  m  some  42  minutes  after  ignition  (see 
Figure  3)  is  due  to  the  gradual  increase  in  temperature  of  the  ceiling  surface, 
with  a  consequent  increase  in  radiative  flux  to  the  wall  fire.  This  thermal 
radiation  feedback  from  the  ceiling  surface  and  ceiling  layer  gases  leads  to 
higher  wall  burning  rates  and  greater  flame  lengths  as  shown  in  Section  3.3.3. 
Although  flame  lengths  are  still  increasing  at  44  minutes  after  ignition  due 
Lo  this  coupling  of  the  wal L  fire  with  ceiling-induced  thermal  radiation,  data 
on  ceiling  layer  radiative  properties  in  Table  A-ll  indicate  that  a  quasi-steady 
condition  lias  been  achieved. 
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FIGURE  ')  FLAW  LENGTHS  UNDER  FULL-SCALE  CEILINGS 
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During  fire  development,  the  white,  ceramic  board  side-walls  of  the  2.4  m 
long  ceiling  channel  are  blackened  wherever  there  is  contact  with  hot  combustion 
products  or  flame.  Such  markings  clearly  indicate  a  characteristic  thickness  of 
the  hot  gas  layer  in  the  channel.  Measurements  of  the  blackened  zone  dimensions 
on  the  channel  side  walls  after  the  tests  with  an  inert  ceiling  show  layer  thick¬ 
ness  to  be  a  nearly  constant  178  mm  from  near  the  inert  end  wall  (above  the 
PMMA)  to  within  610  mm  of  the  outflow  end  of  the  channel.  Closer  to  the  channel 
outflow  end,  these  measurements  show  the  layer  thickness  decreasing  as  follows: 

Distance  from  Knd  [mm|  Layer  Thickness  [mm] 

610  178 

105  154 

178  132 

0  88 

2.2.3. 2  Aircraft  Material  No.  234.  This  ceiling  consists  of  five  curved  panels 
of  fiberglass-reinforced  polyester,  oriented  as  shown  in  the  Figure  2  schematic. 
No  backing  or  insulation  is  applied  to  the  panels.  The  horizontal  width  of  the 
ceiling  exposed  to  flame  is  maintained  at  the  normal  460  mm  through  the  use  of 
ceramic  sealants  and  gaskets  which  are  also  used  to  close  any  gaps  between 
adjacent  panels.  Maximum  ceiling  height  above  the  top  of  the  PMMA  wall  is 

25  mm  greater  than  that  for  the  other  ceilings,  due  to  the  panel  curvature. 

During  fire  impingement  on  the  ceiling  panels,  pyrolysis  products  are  observed 
above  the  ceiling,  presumably  from  decomposition  of  the  ceiling  material. 

This  ceiling  vaporization  is  obvious  by  18.5  minutes  after  ignition  and  by  20 
minutes  after  ignition,  decomposition  has  resulted  in  buckling  of  the  ceiling 
panel  closest  to  the  PMMA  wall  fire.  However,  flame  spread  due  to  ceiling 
combustion  is  not  evident.  As  shown  in  Figure  3,  flame  lengths  at  equivalent 
times  are  comparable  to  those  for  the  inert  ceiling.  There  is  some  shortening 
ot  l lames,  in  fact,  due  to  the  slightly  increased  ceiling  height  of  the  curved 
panel s. 

2.2.3. 3  Aircraft  Material  No.  B8811.  This  flat  ceiling  consists  of  a  solid- 
laced,  honeycomb  composite.  No  backing  or  insulation  is  applied  above  the 
ceiling.  Ceramic  paste  seals  the  single  joint  between  panels,  about  2  m  from 
the  wall  fire.  As  a  result  of  fire  impingement,  the  ceiling  blackens  and 
blisters  significantly  but  there  is  no  flame  spread  due  to  ceiling  combustion. 
Nearly  the  entire  length  of  the  ceiling  is  blackened  and  blistered  by  about 

22  to  25  minutes  after  ignition,  while  flaming  combustion  extends  only  35  to 
45  cm  out  from  the  end  wall.  At  later  times,  flame  lengths  under  the  B8811 
ceiling  are  about  the  same  as  for  the  inert  ceiling  (see  Figure  3). 

2. 2. 3. 4  Aircraft  Material  No,  224.  Hot  combustion  products  from  the  PMMA  wall 
fire  cause  tearing  and  separation  of  the  perforated  face  of  this  material  from 
the  underlying  honeycomb.  Hy  18  minutes  after  ignition,  when  wall  fire  flames 
.ire  just  impinging  on  the  ceiling,  the  perforated  face  is  torn  across  the  full 
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width  of  the  channel  for  a  distance  of  61  cm  from  the  end  wall  and  blisters  in 
the  face  material  appear  for  a  distance  of  116  cm.  Separation  of  the  face  mate¬ 
rial  from  the  honeycomb  occurs  over  the  entire,  2.4  m  ceiling  length  by  about 
24  minutes  after  ignition,  when  flame  length  is  only  some  30  cm.  However, 
flame  spread  due  to  ceiling  combustion  does  not  occur  for  this  ceiling  material. 
Flame  lengths  under  the  ceiling  are  roughly  the  same  as  for  the  other  flat  air¬ 
craft  materials  or  for  the  inert  ceiling  (see  Figure  3). 

2. 2. 3. 5  PMMA  Ceiling.  The  flame  spread  process  under  a  PMMA  ceiling,  with  the 
usual,  PMMA  wall  fire  initiation,  is  described  by  measured  flame  lengths  pro¬ 
vided  in  Table  A-9  as  a  function  of  time  after  ignition.  It  is  evident  from 
Table  A-9  that  about  18.4  minutes  after  ignition,  self-sustained  flame  spread 
begins  to  occur  over  the  PMMA  ceiling  surface.  Flame  lengths  then  grow  almost 
linearly  with  time  (see  Figure  3)  at  a  rate  of  about  1.95  cm/s  (regression  co¬ 
efficient  of  0.92)  until  flame  reaches  the  outlet-end  of  the  channel  less  than 
20  minutes  after  ignition.  During  this  spread  process,  a  leading  portion  of 
flame  appears  to  be  quite  thin,  with  detached,  weakly  luminous  flamelets  well 
downstream  from  this  chin  flame  region.  Upstream  of  the  thin  flame  region, 
cellular  combustion  takes  place,  resulting  in  a  much  thicker  flame  zone.  This 
cellular  flame  reaches  the  outlet-end  of  the  channel  7  to  12  s  after  the  arrival 
of  the  leading  portion  of  flame.  A  cellular  flame  zone  then  fills  the  entire 
ceiling  channel.  Spillage  of  some  flame  from  below  the  0.23  m  deep  side-walls 
of  the  channel  necessitates  l'ire  extinguishment  about  21  minutes  after  ignition. 

It  was  found  that  during  the  164  s  period  from  the  onset  of  ceiling  combustion 
(as  evidenced  by  increased  flame  length  compared  to  the  inert  case)  until  fire 
extinguishment,  the  ceiling  pyrolysis  zone  propagated  a  distance  of  only  115  cm 
from  the  end  wall.  The  average  pyrolysis  zone  spread  rate  during  this  interval 
was  thus  about  0.7  cm/s,  compared  to  a  flame  spread  rate  of  1.95  cm/s.  Clearly, 
there  was  significant  flame  extension  beyond  the  pyrolysis  zone  for  this  case 
of  ce fling  fire  spread. 

The  problem  of  fire  spillage  from  the  ceiling  channel  was  solved  for  a  final 
experiment  with  a  steadily  burning  PMMA  ceiling  by  the  addition  of  a  0.152  m 
ceramic  paper  extension  to  the  0.23  m  deep  ceiling  side-walls,  as  shown  in 
Figure  2.  During  this  experiment,  the  cellular  flame  zone  was  observed  to  be 
about  76  mm  above  the  bottom  edge  of  the  ceramic  paper,  which  coincided  with 
the  extent  of  ceramic  paper  blackening  seen  after  the  fire.  Total  flame  zone 
thickness  during  the  steady  burning  process  was,  thus,  about  0.305  m. 

2.2.4  TEMPERATURE  AND  RADIATION  MEASUREMENTS.  Data  on  ceiling  and  gas  tempera¬ 
tures,  thermal  radiation  and  heat  flux  obtained  during  the  full-scale  tests 
appear  in  Tables  A-10  through  A-16.  Measurements  are  provided  as  a  function 
of  time  from  ignition  for  thermocouples  (prefix  "A"),  narrow  angle  radiometers 
(prefix  "B"),  an  infrared  absorption  meter  (prefix  "C")  and  wide  angle  heat 
Ilex  gages  (prefix  "D").  In  Table  A-16,  the  time-averaged  values  of  instrument 
outputs  are  given  for  the  period  of  steady  burning.  Further  details  on  instru¬ 
ment  locations  appear  in  table  2.  Instruments  which  malt  unction  during  an  ex¬ 
periment  are  shown  with  inval id  outputs  deleted. 


Examination  of  Table  A-l L  shows  that  the  peak  heat  flux  to  the  inert  ceil¬ 
ing  at  a  horizontal  distance  of  L.82  m  from  the  PMMA  exposure  fire  is  about 
2  W/cm-  a  little  more  than  43  minutes  after  ignition.  ibis  flux  is  reduced 
to  about  1.2  W/cm~  at  10  minutes  after  ignition.  As  shown  in  Table  A-10,  the 
ceiling  heat  flux  gage  (Lit)  is  not  initially  zeroed  for  the  first  test  but  the 
corrected  measured  flux  to  the  ceiling  30  minutes  after  ignition  is  in  good 
agreement  with  that  from  the  subsequent  test . 

2.3  EXPERIMENTAL  RESULT'S :  MODEL  TESTS 


Results  from  the  elevated  pressure  experiments  are  presented  in  Figures  4 
through  IS.  These  figures  eonLain  correlations  of  data  on  a  given  material  for 
all  pressures,  including  one  atmosphere  when  relevant.  Corrections  JJor  the  test 
pressure  are  made  in  accordance  with  pressure  modeling  requirements^-,  so  that 
good  correlation  of  data  is  an  indication  of  modeling  success.  It  should  be 
noted,  however,  that  the  Lime  origin  for  many  elevated  pressure  experiments  has 
been  shifted  to  yield  the  best  possible  data  correlation  during  the  initial, 
stages  of  ceiling  fire  spread. 

2.3.1  CEILING  FIRE  SPREAD.  because  all  characteristic  lengths  are  reduced  as 
(p/l\>)  and  ail  characteristic  solid  phase  burning  times  are  reduced  as 

(p/Py)-4^  in  the  pressure  modeling  scheme, !>*-  the  quantities  xf(p/p0)-/^  and 
t(p/p0)^/-'  should  be  independent  of  air  pressure  and  result  in  correlation  of 
data  on  ceiling  flame  length,  xt  ,  at  any  absolute  pressure,  p  (.where  pQ  is  the 
ambient  atmospheric  pressure)  as  a  function  of  time,  L,  after  ignition. 

Figures  4  through  8  demonstrate  this  correlation  technique  for  the  five  dif¬ 
ferent  ceiling  materials.  in  Figures  4  and  8,  the  resuits  from  the  full-scale 
experiments  are  seen  to  be  in  reasonable  agreement  with  model  results  for  the 
lowest  air  pressures  of  LI. 2  and  21.4  atmospheres.  A  clear  divergence  from 
full-scale  behavior  is  seen  to  occur,  however,  when  the  highest  air  pressure 
of  JL.b  atmospheres  is  utilized  in  the  model  experiments. 

The  maximum  value  of  xp  (p/p0)2,/-*  for  complete  fire  spread  to  the  end  of  the 
ceiling  is  2.4  m,  the  length  of  the  full-scale  channel.  This  value  is 
attained  for  all  the  elevated  pressure,  model  experiments  with  PMMA  as  well  as 
with  tiie  three  aircraft  materials.  However,  measurements  of  Xp(p/p0)2/3  are 
not  always  available  at  elevated  pressure,  due  to  obstruction  of  the  camera 
mirrored  field  of  view  bv  a  radiometer.  This  radiometer  interference  begins 
at  x f ( p / p0 ) 2 equal  to  about  1.8  m.  Tn  Figure  8,  measurements  of  flame  tip 
position  at  the  end  of  the  channel  are  shown  for  tests  at  31.0  atmospheres. 

These  data  correspond  to  direct  camera  views  of  the  beginning  of  flame  outflow 
from  the  channel  structure. 


Use  of  the  pressure  modeling  correction  for  the  three  aircraft  materials, 
as  shown  in  Figures  5,  0  and  7,  results  in  a  good  correlation  of  model  results 
for  materials  No.  223  and  234  hut  only  a  rough  correlation  for  the  B8811  material. 
It  should  he  noted  that  complete  flame  spread  over  the  full-scale  aircraft 
ceilings  does  not  occur.  The  complete  flame  spread  over  the  model  ceilings  is 
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enhanced  by  the  unimportance  of  radiative  heat  loss  from  hot  char  layers  at 
elevated  pressure  and  by  the  use  of  full-scale  ceiling  thickness  in  the  models, 
which  provides  more  fuel  than  required  by  the  modeling  scheme. 

For  aircraft  material  No.  223,  complete  flame  spread  at  elevated  pressure  occurs 
only  after  the  perforated  surface  layer  melts  and  cags,  allowing  the  underlying 
honeycomb  to  be  exposed. 

2.3.2  CEILING  FIRE  RADIANCE.  As  explained  in  references  1  and  12,  the  pressure 
modeling  scheme  results  in  the  preservation  of  the  product  of  convective  heat 
flux  and  length-scale  (proportional  to  Nussel t  Number  since  gas  temperatures 
are  preserved) .  With  all  length  scales  proportional  to  p-2/3#  this  means  that 
the  product,  p"^/^,  times  convective  heat  flux,  should  be  independent  of  air 
pressure.  All  heat  fluxes,  whether  convective  or  radiative,  must  be  consistent 
with  this  requirement  to  insure  complete  modeling  success.  Since  solid  angles 
and  geometric  view  factors  are  preserved  when  all  length  scales  are  reduced  as 
p-^/-*,  the  radiance,  N,  of  ceiling  layer  gas  and  ceiling  surface  should  exhibit 
the  same  behavior  as  convective  flux.  As  a  result,  N(p/p0)-2/3  should  be  inde¬ 
pendent  of  air  pressure. 

The  pressure  corrections  derived  above  for  radiance,  N,  as  a  function  of 
time,  t,  from  ignition  are  applied  in  Figures  9  through  13  to  measurements  for 
the  five  ceiling  materials.  Agreement  with  full-scale  results  is  satisfactory 
for  tests  at  11.2  atmospheres  with  inert  and  PMMA  ceilings.  At  higher  ambient 
pressures  for  these  two  ceiling  materials,  there  is  clearly  not  good  correlation 
with  transient,  one-atmosphere  data. 

Radiance  measurements  from  model  tests  with  inert  ceilings  at  pressures 
of  21.4  and  31.6  atmospheres  diverge  from  the  one-atmosphere  and  11.2-atmos¬ 
phere  results  as  the  ceiling  surface  temperature  increases  with  increasing  test 
time.  The  radiance  of  the  hot  ceiling,  which  is  nearly  independent  of  pressure, 
dominates  the  radiometer  output  in  the  absence  of  flame  or  dense  smoke.  Pres¬ 
sure  modeling  of  this  ceiling  surface  radiance  is  not  possible  since  N(p/pQ)-2/3, 
not  N,  should  be  independent  of  pressure. 

Table  A-16  shows  that  the  steady-state  value  of  ceiling  layer  radiance 
for  a  full-scale  test  with  a  PMMA  ceiling  is  6.43  kW/m^sr.  Comparison  of  this 
full-scale  measurement  with  the  model  results  in  Figure  13  indicates  excellent 
agreement  for  test  pressures  of  11.2  and  21.4  atmospheres.  For  the  steadily 
burning  PMMA  ceiling,  success  in  modeling  ceiling  layer  radiance  is  probably 
due  to  the  dominant  effect  of  flame  radiation  over  ceiling  surface  radiation, 
although  even  flame  radiation  will  cease  to  be  modeled  at  a  sufficiently  high 
pressure.  The  measured  radiance  at  31.6  atmospheres  does  not,  in  fact,  model 
the  full-scale  value,  apparently  due  to  radiant  saturation  of  the  flame,  since 
the  peak  radiance  at  this  pressure  is  identical  to  that  at  21.4  atmospheres.  A 
similar  behavior  characteristic  of  radiant  saturation  is  exhibited  by  all  the 
aircraft  materials  at  31.6  atmospheres  (see  Table  4  in  Sec.  2.5). 
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Correlation  of  radiance  measurements  for  the  three  aircraft  materials  is 
affected  by  three  factors:  1)  the  lack  of  modeling  of  the  flame  spread  process; 
2)  the  use  of  a  constant  material  thickness,  which  leads  to  an  improperly 
modeled  total  fire  duration;  and  3)  the  limited  radiometer  response  time  of 
about  1.5-2  s.  The  last  factor,  which  is  also  relevant  for  the  PMMA  ceiling, 
means  that  the  increase  in  radiant  output  cannot  be  followed  accurately  during 
flame  front  transit  at  elevated  pressure  across  the  roughly  1.3  cm  sensing  area 
of  the  radiometer.  Flame  transit  times  at  elevated  pressures  will  typically 
be  from  0.1  to  1.0  s . 

2.3.3  WALL-CEILING  BURNING  RATE •  by  replacing  the  Nusselt  Number  with  the 
Sherwood  Number,  it  can  be  shownl^>14  that  the  product  of  fuel  mass  flux  and  a 
characteristic  length  scale  should  be  preserved  by  the  pressure  modeling  scheme. 
With  all  length  scales  proportional  to  p “2/3 (  the  fuel  mass  flux  will  be  pro¬ 
portional  to  p^/^  times  the  total  mass  loss  rate,  m.  The  product  of  fuel  mass 
flux  and  length  scale  is  then  proportional  to  m  p^/3,  which  should  be  independent 
of  air  pressure. 

The  pressure-corrected  mass-loss  rate,  m(p/p0)2/3>  ps  shown  in  Figures  14 
through  18  as  a  function  of  pressure-corrected  time  from  ignition.  Tests  at 
all  three  elevated  ambient  pressures  with  each  of  the  five  ceiling  materials 
are  included.  In  these  figures,  m  represents  the  mass  loss  rate  of  both  the 
channel  end-wall  and  the  ceiling,  as  obtained  from  a  fourth  order  polynomial 
regression  to  the  load-cell  readings. 

The  mass  loss  rate  (equal  to  burning  rate  in  the  absence  of  soot  production) 
shown  in  Figure  14  corresponds  to  a  measurement  for  the  burning  PMMA  wall  alone, 
since  the  ceiling  is  inert.  Correlation  of  the  mass  loss  rate  data  in  Figure  14 
leads  to  prediction  of  a  steady,  full-scale  wall  burning  rate  of  4-6  g/s  at 
1200-1600  s  after  ignition.  Measured  wall  burning  rates,  given  in  Table  A-3, 
of  1.44  to  2.55  g/s  are  far  less  than  the  above  steady  values  predicted  by 
modeling.  However,  a  steady-state  condition  is  not  achieved  until  2640  s  at 
full  scale  and  measurements  correspond  to  only  about  1/3  to  1/2  of  this  test 
time.  At  equivalent  times  in  the  model,  full-scale  burning  rates  are  predicted 
to  be  2  to  4  g/s. 

Good  correlation  of  data  is  obtained  for  the  case  of  a  PMMA  ceiling  in  Figure  18. 
As  noted  previously,  use  of  a  constant  thickness  for  the  aircraft  materials 
results  in  improper  modeling  of  total  fuel  quantities,  which  affects  the 
modeling  of  peak  burning  rates.  For  this  reason,  burning  rates  and  fire 
durations  at  the  highest  ambient  pressures  are  greater  than  expected,  as  shown 
in  Figures  15-17. 

2 . 4  ANALYSIS  OF  MODELING  RESULTS 

The  significance  of  the  preceding  data  correlations  can  be  better  understood 
by  analyzing  the  dependence  of  flame  heat  transfer  rates  on  ambient  air  pressure. 
Such  an  analysis  will  clarify  the  problems  involved  in  pressure  modeling  ceiling 
flame  spread  and  ceiling  fire  radiant  heat  loss. 
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2.4. L  HEAT  FLUX  TO  CEILING.  The  net  heat  flux,  q" ,  to  an  inert  or  fuel  ceiling 
is  given  by  the  following  expression,  previously  derived  by  Orloff  et  al!5  for 
the  ease  of  a  steadily  burning  wall  fire  and  used  by  Alpert-*-  for  the  case  of 
upward  fire  spread: 


i"  =  u  T  [ l-exp(-kL' ) ]  -  ao  T  +  q" 


where  is  the  actual  mean  beam  length  at  absolute  pressure,  p,  and  the  remain¬ 
ing  symbols  are  defined  in  the  nomenclature.  The  constant,  a,  is  taken  to  be 
1.0  for  steady  burning  and  0.5  for  a  spreading  fire  when  Ts  is  the  pyrolysis 
temperature  of  the  ceiling  material.  During  fire  spread  across  the  channel 
ceiling,  the  convective  heat  flux,  q^,  as  well  as  the  flame  radiative  properties 
are  influenced  by  external  factors  such  as  the  imposed  flow  from  the  PMMA  wall 
fire,  the  conditions  at  the  channel  exit  and  by  thermal  radiation  from  the 
channel  side-walls.  These  factors  will  be  ignored  here  to  simplify  the  analysis. 
Instead,  conditions  typical  of  PMMA  wall  fires  will  be  assumed  in  order  to 
obtain  approximations  for  T^,  k  and  q^  during  the  ceiling  fire. 

As  shown  in  reference  17,  gas  temperature,  Tg,  is  found  to  be  preserved 
at  elevated  pressure  while  absorption  coefficient,  k,  is  found  to  increase  in 
wall  fires  as  the  4/3  power  of  pressure.  An  increase  in  k  at  least  proportional 
to  pressure  is  expected  if  the  ratio  of  fuel  mass  fraction  converted  to  soot 
to  the  density  of  a  soot  particle  is  independent  of  pressure.  Small  increases 
in  soot  fraction  with  pressure  could  then  give  the  result,  k-ko (p/pc) l*^.  The 
convective  heat  flux  in  PMMA  wall  fires  is  found-^  to  be  about  5.5  kW/m^  at  one 
atmosphere.  It  is  assumed  here  that  this  flux  is  accurately  pressure  modeled, 
leading  to  the  quantity,  q"p--'^,  being  independent  of  ambient  pressure.  As  a 
result,  q"  *  5.5  (p/p0)^/->  kW/m^. 


file  radiation  mean  beam  length,  L^,,  in  the  ceiling  channel,  will  be  reduced 
as  p--/^  together  with  all  other  length  scales.  This  quantity  can,  therefore, 
be  expressed  as  (p/p0)~2/37  where  l,m  is  the  mean  beam  length  at  one 

atmosphere . 


With  the  preceding  assumptions  used  in  equation  (1),  the  heat  flux  to  the 
channel  ceiling  becomes: 

<}"  =  DT^  [1-exp  (-k  L  (p/p  )^3)]  -  «0T^  +  5.5  (p/p  )2^  (2) 

f-j  o  in  o  s  o 

2.4.2  FLAME  SPREAD.  The  rate  of  flame  spread  under  a  combustible  ceiling 
should  be  inversely  proportional  to  the  time.  At,  required  to  heat  the  ceiling 
to  its  pyrolysis  temperature,  Ts,  from  an  initial  temperature  of  !’«>.  For  a 
thermally  thick  fuel. 

At  =*  pi:\(Ts-  TJ2/q"2  (3) 

where  nt’.X  is  the  product  of  fuel  density,  specific  heat  and  thermal  conductivity 
and  where  q"-  is  given  by  equation  (1). 


Thus,  spread  rates  across  thermally  thick  fuels  are  directly  proportional  to 
the  square  of  the  net  heat  flux  to  the  fuel.  The  pressure  dependence  of 
this  quantity  is  examined  in  Figure  19.  In  this  figure,  q"2(p/po)-4/3  should 
be  independent  of  ambient  air  pressure,  according  to  the  modeling  scheme,  and 
equal  to  the  value,  ,  at  one  atmosphere,  or  full-scale.  Clearly,  such  is 
not  always  the  case.  The  variation  of  pressure-corrected  heat  flux  is  es¬ 
pecially  .large  for  k  L  greater  than  about  0.17. 

An  estimate  of  the  mean  beam  length  for  a  fire  in  the  ceiling  channel 
can  be  obtained  from  reference  18,  where  it  is  shown  that 

L  *1.75  Wd/(W+d)  .  (4) 

m 

In  equation  (4),  W  is  the  width  of  the  flame  volume  (the  channel  width  of 
0.46  m)  and  d  is  the  flame  depth  (at  most  the  0.23  m  depth  of  the  channel 
side-walls).  The  maximum  value  of  1^  for  a  ceiling  channel  filled  with  flame  is 
then,  from  equation  (4),  Lm=  0.267  m.  If  the  flame  absorption  coefficient  is 
typical  of  PMMA,  then  k0  =  1.3  to  1.5  m-^-  from  references  19  and  20.  The 
resultant  value  for  k0Lm,  about  0.4,  is  seen  in  Figure  19  to  lead  to  significant 
errors  in  pressure  modeling  in  the  20-  to  30-atmosphere  range,  since  the  squared 
net  heat  flux  to  the  ceiling  after  pressure  correction  will  be  only  about  20% 
of  that  at  one  atmosphere.  On  the  other  hand,  kQLm  at  a  1  m  elevation  on  a 
0.3  m  wide  PMMA  wall  fire  (flame  thickness  about  0.07  m)  is  only  0.13  Co  0.15, 
leading  to  a  pressure-corrected,  squared  net  heat  flux  to  the  wall  nearly  80% 
of  the  full-scale  value.  Pressure  modeling  of  fire  spread  should,  thus,  be 
more  successful  for  1  m  high  walls  than  for  ceilings  in  a  long,  channel  con¬ 
figuration.  This  explains  why  correlation  of  fire  spread  data  for  a  PMMA 
ceiling  in  Figure  8  is  not  as  good  as  the  correlations  for  PMMA  wall  fire 
spread  in  reference  1. 

Figure  19  also  shows  that  the  occurrence  of  fuel  charring,  which  tends  to 
elevate  surface  temperatures,  can  result  in  squared  heat  fluxes  to  the  fuel  at 
10  to  30  atmospheres  which  are  much  greater  than  those  at  one  atmosphere,  even 
after  the  appropriate  pressure  corrections  are  applied.  These  increased  heat 
fluxes  can  explain  why  complete  fire  spread  occurs  for  all  aircraft  ceilings 
at  elevated  pressures  but  not  at  one  atmosphere.  Such  behavior  is  basically 
due  to  the  fact  that  radiant  heat  loss  from  fuel  surfaces  at  elevated  pressure 
(but  not  at  one  atmosphere)  is  generally  insignificant  compared  to  flame 
radiative  feedback  to  the  fuel.  This  same  insignificance  of  solid  surface 
radiant  heat  loss  at  elevated  pressures  is  probably  responsible  for  the  lack  of 
modeling  of  flame  lengths  under  the  inert  ceiling,  as  shown  in  Figure  4.  It  is 
radiant  heating  of  the  PMMA  wall  fire  by  the  hot  ceiling  which  causes  the  in¬ 
creases  In  flame  length  under  the  ceiling. 

2.4.2  RADIANCE.  The  radiance,  N,  of  both  the  hot  gases  in  the  ceiling  channel 
and  the  ceiling  surface  itself  along  a  ray  normal  to  the  ceiling  is  given  by 
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the  following  expression; 
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N  =  ~~ £  [1  -  (I-tV)  exp(-kd')]  (5) 
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where  d'  is  the  actual  depth  of  ceiling  layer  gases  at  any  absolute  pressure, 
p .  Equation  (5)  is  applicable  to  wall  ures  as  well  as  ceiling  fires.  In 
terms  of  quantities  at  one  atmosphere,  or  full-scale,  equation  (5)  becomes; 
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N  =  — &  [1-  (1-T  /T  )  exp(-k  d(p/p  )  )]  (6) 
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As  noted  previously,  the  quantity,  N(p/p0)-^^,  should  be  independent  of  air 
pressure  in  the  modeling  scheme.  The  plots  of  ceiling  layer  radiance  in 
Figure  20,  which  are  obtained  from  equation  (6),  show  that  this  modeling  con¬ 
dition  is  not  satisfied,  even  after  the  pressure  correction,  (p/p0)-^^  is 
applied.  In  this  figure,  kQd  =  0.076  is  typical  of  a  5  cm  layer  thickness  or 
a  0.81  m  elevation  on  a  PMMA  wall  fire,  while  kDd  =  0.34  is  the  maximum  value 
expected  for  a  PMMA  ceiling  above  a  23  cm  deep  channel  filled  with  flame. 

Clearly,  the  radiance  of  either  a  burning  wall  or  a  burning  ceiling  at  elevited 
pressure  will  be  far  less  than  the  equivalent  value  at  one  atmosphere.  On  the 
basis  of  the  plots  in  Figure  20,  ceiling  layer  radiance  measured  at  10  to  30 
atmospheres  will  be  only  1/2  to  1/3  the  respective  values  predicted  by  modeling 
theory  for  a  given,  full-scale  radiance  measurement.  Such  errors  are  reduced 
somewhat,  as  shown  in  Figure  20,  if  the  radiance  measurement  is  due  mainly  to 
the  hot  gas  layer  and  not  a  hot  ceiling  surface.  This  effect  can  be  seen  in 
Figure  9,  where  radiance  measurements  obtained  at  elevated  pressure  diverge 
from  the  corresponding,  full-scale  values  as  the  inert  ceiling  surface  heats 
up  and  becomes  an  important  factor  in  the  ceiling  layer  radiance. 

2.5  COMPARISON  OF  CEILING  FIRE  GROWTH 


The  data  obtained  at  elevated  pressures  on  flame  length,  radiance,  and  fuel 
mass  loss  for  all  five  ceiling  materials  have  been  matched  to  both  exponential 
and  linear,  (least  squares)  regression  fits.  Generally,  exponential  and  linear 
data  fits  are  about  equally  good,  with  regression  coefficients  ranging  between 
0.88  and  0.96. 


Table  3  lists  the  exponential  growth  factors  resulting  from  regression  fits  to 
the  flame  length,  fuel  mass  loss  and  ceiling  layer  radiance.  A  fit  for  the 
data  on  Xf  proportional  to  e^1"  implies  a  flame  spread  velocity,  Vf,  given  by 

dxt 

vf  =  ~dF  =  ^xf  • 


The  exponential  growth  factor,  y,  Is  thus  the  ratio,  Vf/xf.  Similarly,  exponen¬ 
tial  fits  to  the  mass  loss.  Am,  and  radiance  data  yield  m/Am  and  S/N. 


N  (p/p0) 
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FIGURE  20  l’RKDI CTED  BEHAVIOR  OK  FLAME  AND  FUEL  SURFACE  RADIANCE 


TABLE  3. -CEILING  FI HE  EXPONENTIAL  GROWTH  FACTORS 


Ceiling 

Flame  Spread 

Mass  Loss 

Radiance 

Material 

Vf/xf  [s_1] 

m/Am  [s  X] 

fl/N  [s_1 

P/pG=  11 *2 

Inert 

0.046 

0.056 

0.12 

PMMA 

0.40 

0.079 

0.36 

No.  B8811 

0.44 

0.082 

0.53 

No.  223 

0.  34 

0.10 

0.74 

No.  234 

0.13 

0.057 

0.195 

P/PQ-  21.4 

Inert 

0.073 

0.0745 

0.25 

PMMA 

N .  A. 

0.099 

0 . 66 

No.  B8811 

0.54 

0.12 

0.75 

No.  223 

0.645 

0.15 

0.85 

No.  234 

0.245 

0.082 

0.31 

P/P0;'  31.6 

Inert 

0.032 

0.062 

0.32 

PMMA 

0.82 

0.10 

1.13 

No.  B8811 

0.52 

0.14 

0.86 

No.  223 

0.92 

0.22 

1.77 

No.  234 

0.38 

0.071 

0.50 

=  not  available  due  to  camera  malfunction 

SH 


Table  3  shows  that  aircraft  material  No.  234  behaves  similarly  to  the  inert 
material  as  far  as  mass  loss  and  radiance  are  concerned  but  has  a  flame  spread 
rate  about  three  times  that  of  the  inert  material.  The  remaining  three  mate¬ 
rials,  including  PMMA,  have  much  larger  growth  factors  than  material  No.  234 
at  all  elevated  pressures.  Of  the  three  materials  with  the  higher  growth 
factors,  values  of  y  are  nearly  always  largest  for  aircraft  material  No.  223 
with  respect  to  flame  spread,  mass  loss,  and  radiance. 

Peak  values  of  mass  loss  rate  and  radiance  are  listed  in  Table  4  for  the 
elevated  pressure  experiments.  Peak  flame  lengths  are  not  listed  since  flame 
spread  is  complete  to  the  end  of  the  channel  for  all  except  the  inert  material 
As  with  the  growth  factors  in  Table  3,  the  materials  can  be  roughly  ranked  in 
the  following  order  of  increasing  peak  mass  loss  rate  or  peak  radiance  at  all 
elevated  pressures: 

1.  Inert 

2.  No.  234 

3.  No.  B8811 

4 .  PMMA 

5.  No.  223 


with  the  last  three  materials  exhibiting  very  similar  peak  mass  loss  and 
radiance  behavior. 


TABLE  4. -MAXIMUM  HASS  LOSS  RATE  AND  RADIANCE  OF  CEILING  FIRES 


Ceil ing 

Peak  Mass  Loss  Rate 

Peak  Radiance 

Material 

m  [g/s] 

N  [W/cm^sr] 

max 

max 

P/PQ= 

11.2 

Inert 

>0.9 

>0.37 

PMMA 

>3.2 

3.0 

No.  B8811 

2.5 

4.1 

No.  223 

3.5 

3.3 

No.  234 

>1.6 

>1.15 

P/PQ= 

21.4 

Inert 

0.  77 

>0.69 

PMMA 

1.9 

5.5 

No.  B8811 

1.5 

4.8 

No.  223 

2.25 

6.5 

No.  234 

1.0 

2.5 

p/po= 

31.6 

Inert 

0.71 

0.64 

PMMA 

1.55 

5.5 

No.  B8811 

1.4 

5.1 

No.  223 

2.55 

5.75 

No.  234 

0.77 

2.56 

riment  time  insufficient  to  determine  maximum  value 
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ANALYTICAL  MODELING  OF  THERMAL  RADIATION  FROM  LONG  CEILING  CHANNELS 


Flows  of  flaming  gases  or  combustion  products  in  a  long  ceiling  channel,  such  as 
that  in  an  aircraft  cabin,  can  undergo  significant  temperature  variations  with 
distance  from  one  end  of  the  ceiling  to  the  other.  Such  variations  in  gas 
temperature  along  the  length  of  the  channel  can  be  due  to  radiant  heat  loss  to 
the  cooler  floor  area  or  to  conduction  losses  to  the  ceiling  surface.  If  there 
are  ventilation  openings  in  the  channel  configuration  permitting  hot  gas  out¬ 
flow  and  cool  air  inflow,  mixing  of  ouLl'low  with  inflow  may  occur,  leading  to 
reduced  gas  temperatures  near  the  opening.  On  the  other  hand,  combustible 
ceilings  or  wall  fire  impingement  on  the  ceiling  will  lead  to  elevated  gas 
temperatures . 

A  mathematical  formulation  is  developed  here  to  calculate  thermal  radiation 
from  ceiling  layers  witli  temperatures  and  absorption  coefficients  nonuniform 
in  three  dimensions.  This  is  a  generalization  of  the  methods  described  for 
uniform  ceiling  layers*-  ^  and  for  ceiling  layers  with  properties  varying  in 
the  vertical  direction  only--.  Some  simplified  methods  of  calculating  the  prob¬ 
lem  are  then  tried  and  compared  with  the  exact  numerical  procedure  to  evaluate 
the  accuracy  of  various  approximations. 

3 . 1  MATHEMATICAL  FORMULATION 

Temperatures  and  absorption  coefficients  in  the  ceiling  layer  are  assumed  to  be 
known  functions  of  the  three  spatial  coordinates  x,  y  and  z: 

T  =  T(x,y,z) 
k  =  k  ( x ,  y ,  z ) 

The  one  dimensional  equation  of  radiative  transfer  for  the  radiance,  N,  (power 
per  unit  area  per  unit  solid  angle)  along  a  ray  of  path  length,  £,  in  the  ceiling 
layer  which  is  in  thermodynamic  equilibrium  is. 


iHii  -  KTOiWL4  _  k(1)  „(t) 


(7) 


where  0  is  the  Stefan-Boltzmann  constant.  For  rays  viewing  the  enclosure  sur¬ 
faces  bounding  the  ceiling  layer,  the  boundary  condition  is: 


Black 
Surface  at 


1-D  Coordinate  System  Used  in  Equation  (7) 
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Integrating  equation  (7)  using  (8)  over  the  path  length  lQ  through  the 
ceiling  layer  yields 


N(d  )  =  exp  l  -  I  k  ( S. )  d SI  ]  {  / 


°  aT4(g.)k(£) 


exp[/  k(u)du]d£  + 


This  can  be  re-written  as 


N ( <  )  =  —  /  T  (£)k(?)  exp  [ -  /  k(u)du]dS,  +  — —  exp[-  f  k ( SI) d £ ]  .  (10) 

0  ,T  o  e  71  o 

The  radiative  flux  q" ,  from  the  ceiling  layer  and  enclosure  surfaces  to  a  dif¬ 
ferential  target  surface  element  is  given  by: 

N  (n  •  r  ) 

q"  =  f - —  dfi  (11) 

o 

->  -►  -► 

where  (n  •  rQ)  ^  0  and  n  is  the  unit  normal  to  the  target  element  with  direction 

cosines  u,  v  and  w;  r0  is  the  radius  vector  along  the  line  of  sight  (ray)  to 

the  far  edge  of  the  ceiling  layer;  (n  *  rQ)  represent  the  dot  product  (>_  0) 
of  the  two  vectors;  and  dQ  is  the  elemental  solid  angle  subtended  at  the  target 
element.  The  integration  is  performed  over  all  solid  angles  with  (n  •  r0)>T) 
which  includes  the  ceiling  layer. 

The  path  length  C  can  be  written  in  cylindrical  coordinates  as 
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for  all  4>,  H^<  z  <_ 


where  zq  is  the  vertical  coordinate  of  th  >  ray  at  the  far  edge  of  the  ceiling 
layer;  Hj  and  lb  are  the  vertical  coordinates  of  the  lower  and  upper  edges  of 
the  ceiling  layer  respectively;  9  and  $  are  the  polar  and  azimuthal  angles 
respectively;  z  is  the  vertical  coordinate  at  Z.  The  origin  z=0  is  at  the  target. 
It  is  assumed  that  the  region  below  the  ceiling  layer  is  transparent. 

To  transform  equation  (11)  into  cylindrical  coordinates  we  use  the  following 
three  relationships: 


Z  <  i 


z  >  H, 


for  any  function  f; 

/  °fu)d*  =  /  1fu,o,$)  ~  dz  =  /  1  -  dz  =  /  0  -(z:e’^-  dz 


and  in  particular 


/  °k(u)du  =  /  k(s-,9’^)  ds 

£  Hl  COS* 


and  also 


dSl  =  sin0d0d0 


So  the  flux  received  by  the  target  can  bt*  written  as 
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q"  =  |  /  /  - —  sin0  /  T  (z ,  6  ,<}>)  k(z  ,_9 ,0)  ds]dzd0d6 
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aT4  n/2  2H  (n'T  )  Z0  ,  , 
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where  indicates  that  (n*r  )>  0. 

o  — 

Now  (n*ro)/ro  =  u  sin0cos0  +  v  sin0sin0  +  w  cos0 


-*  -V  -► 

as  n  =  i  u  +  jv  +  kw 


r  =  r  (l  sin0cos0  +  j  sin0sin0  +  k  cos0)  . 
o  o  J 


In  order  to  simplify  the  preceding  computations,  it  is  convenient  to  divide  the 
enclosure  into  box-like  sections  as  in  Figures  21A  and  21B  such  that  the  target 
is  located  at  a  corner  of  each  section.  The  flux  reaching  the  target  will  be 
the  sum  from  all  sections  and  each  section  flux  is  computed  independently  of 
others.  Limits  of  integration  are  found  for  a  typical  section  in  the  following 
2  iscussion. 
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FIG.  21A  Elevation,  end  and  plan  views  of  enclosure  of  length-L  x  breadth-B  x 
height-H2.  The  target  is  located  on  the  floor  of  the  enclosure.  The  lower  edge 
of  the  ceiling  layer  is  at  a  height  Hi  above  the  target  surface.  Also  shown  are 
the  four  rectangular  parallelepipeds  (boxes)  used  to  calculate  the  radiative  flux 
from  the  ceiling  layer  to  the  target  element.  The  target  is  at  one  comer  of  each 
rectangular  parallelepiped.  The  ceiling  layer  in  rectangular  parallelepiped  No.  1 
of  length-b  x  breadth-a  x  height-^  is  shown  by  the  cross-hatched  region  in  each 
view,  (b  _>  a) .  This  figure  is  from  reference  21. 
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FTC . 2 1 R  Detail  of  elevation,  end  and  plan  views  of  rectangular  parallelepiped 
No.  1  of  length-b  x  breadth-a  x  height-^  •  The  lower  edge  of  the  ceiling  layer 
is  at  a  height  above  the  target  surface.  The  target  is  at  one  corner  of  the 

rectangular  parallelepiped.  In  this  particular  case  the  target  normal  is  shown 
to  coincide  with  the  z-axis.  The  origin  of  a  Cartesian  and  a  spherical  polar 
coordinate  system  is  located  at  the  target  element.  8  and  0  are  the  polar  and 
azimuthal  angles  respectively  for  the  spherical  polar  coordinate  system.  The 
rectangular  coordinate  axes  are  selected  such  that  b  _>  a .  This  figure  is  from 

re f  e  rencr  1 1  . 


It  is  assumed  that  the  absorption  coefficient  below  the  ceiling  layer  is 
zero,  so  that  contributions  from  this  region  do  not  influence  the  results.  This 
fact,  together  with  the  target  direction  and  the  section  boundaries,  determine 
the  limits.  Since  each  section  flux  is  computed  independently,  direction  cosines 
of  target  normal  are  to  be  redefined  for  each  section,  according  to  the  section 
coordinate  setup. 

The  flux  from  one  section  is  given  by: 
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where  indicates  0  and  <{>  such  tliat  (u  sin0cos<J>  +  v  sin0sini}>  +  w  cos0)  >  0. 

and  where  a  is  the  width  of  the  section 
b  is  the  length  of  the  section 

the  lower  edge  of  the  ceiling  layer  measured  up  from  the 
height  of  the  target 

H2  the  upper  edge  of  the  ceiling  layer  or  the  height  of  the 
enclosure  measured  up  from  the  target 
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An  analytic  approximat ion  tor  the  above  numerical  formulation  is  available 
when  the  enclosure  bounding  the  gas  layer  is  a  rectangular  parallelepiped,  tem¬ 
perature  and  absorption  coefficient  are  uniform  and  the  target  surface  is 
parallel  to  the  ceiling  Layer,  as  shown  in  reference  21.  When  properties  change 
onlv  in  the  vertical  (/.)  direction,  this  analytic  technique  is  modified  some¬ 
what  by  use  of  an  equivalent  layer  t einperature ,  1^,  and  absorption  coefficient, 
k,  defined  in  retoreneo  22  as  follows: 


T  =  2  /  T  u)kU)L,j  f  ku)dz  dz 

o  '  o 


k(z)dz 


k  =  (f  -  r  )  ;  k(z)dz/  /  (l(z)  -  T  )dz 
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where  T  =  (T  )  and  1  ■  , ,  li  ^  are  the  second  and  third  exponential  integrals, 
respectively. 

A  layer  depth,  H.,-  II.  is  defined  by: 


H2-  Hl  =  /  ( T ( 2 )  -  TJdz/(-r  -  T J 


Tile  equivalent  radiant  properties,  defined  above,  can  then  be  used  to 
compute  the  radiative  flux,  q",  to  a  target  at  the  corner  of  one  of  the  four 
rectangular  parallelepipeds  in  the  enclosure  (see  Figure  21)  by  means  of  the 
following  analytic  approximat ion  developed  in  reference  21: 


37-  <> 


(1  - —  )  exp  (-kb)}  V 

7  m 

T* 


2  ab  (H,  -  Hx) 

where  Lm  =  ifp  (a+b)  "+  ab 


and  Layer  depth,  H.,-  is  given  by  equation  (15) . 

An  approximation  technique  would  be  valuable  in  the  case  of  a  smoke  layer  with 
three-dimensional  variations  in  both  temperature  and  absorption  coefficient, 
since  huge  amounts  of  computation  time  are  needed  to  calculate  radiative  flux 
with  purely  numerical  methods.  To  determine  the  accuracy  of  such  a  simplified 
calculation  procedure,  a  specific  ceiling  layer  with  the  largest  temperature 
gradients  which  might  exist  (during  an  aircraft  cabin  fire)  is  examined.  As 
shown  in  Figure  22,  the  temperature  distribution  assumed  for  the  gas  layer  is  a 
linear  function  with  respect  to  height,  z,  and  length,  x,  and  constant  with 
respect  to  width,  y.  Radiation  from  the  ceiling  surface  is  neglected  and  the 
absorption  coefficient  is  taken  as  constant  to  see  effects  of  gas  temperature 
more  clearly. 

Results  of  several  calculation  procedures  with  the  assumed  temperature  profile 
are  shown  in  Table  5  for  an  upward  facing  target  1  m  below  the  bottom  of  a  1  m 
thick  layer  at  the  mid-length  point  while  Table  6  pertains  to  a  target  at  one 
end  of  the  layer.  In  the  first  raw  of  Tables  5  and  6  are  the  exact  numerical 
solutions  for  absorption  coefficients  of  1.2  m-*-  and  0.5  m~^.  The  second  row 
of  Table  5  gives  a  simplified  numerical  result  obtained  by  assuming  that  the 
vertical  distribution  of  temperature  at  the  target  location  (x-j-.y..)  is  the  same 
distribution  in  z  at  all  x,y  locations  in  the  gas  layer.  Results  in  the  third 
and  last  rows  of  Table  5  are  obtained  by  the  analytic  method2*-’22  discussed 
above,  with  the  equivalent  temperature,  T2* ,  derived  from  the  vertical  temper¬ 
ature  distribution  at  the  target  location  alone. 

For  the  present  example,  the  analytic  method  is  seen  to  be  very  accurate  when 
the  target  is  below  the  center  of  the  layer.  However,  Table  6  shows  that  the 
analytic  method  overestimates  the  radiant  flux  by  13  to  15%  when  the  target  is 
below  one  end  of  a  layer.  The  latter  case  is  a  rather  stringent  test  of  the 
analytic  approximation  since  a  reaL  gas  layer  would  not  normally  have  an  abrupt 
end,  with  no  further  contribution  to  the  target  radiant  flux  from  a  burning 
end-wall  or  outflow  region.  It  is  also  seen  from  Tables  5  and  6  that  the 
accuracy  of  the  approximation  technique  will  not  be  significantly  affected  by 
the  magnitude  of  the  gas  absorption  coefficient. 

3 . 3  APPLICATION  TO  FULL-SCALE  TEST  RESULTS 

The  preceding  techniques  can  be  used  to  examine  the  self-consistency  of  the 
temperature  and  heat  flux  measurements  made  during  the  full-scale  ceiling 
channel  tests.  Measured  values  of  radiance  and  of  radiant  flux  are  compared 


TABLE  5. -RADIANT  FLUX  TO  TARGET  LOCATED  BELOW  CENTER  OF  LAYER 


Layer 


Kind  of 


Temp.  Distn.  Kind  of 


Flux  in  [W/cm  ]  for 


Dimensions  Approximation  T(x,y,z) 
[tn]  [K] 


1)  30x4x1 

Hl=  1 


None  200-33. 33x 

+800z 

Local  Vertical  -300+800z 

Distribution 

for  all  x,y 

For  all  x, y , z  844.4 

4  4 

T  =  T 


Computation  Absorption  Coefficient 

k=1.3  [m_1 ]  k=0. 5  [nf1] 

Numerical  2.11  1.7 


Numerical 


Analytical 


Temperature 
Distribution 
of  Line  2 

For  all  x,y  ,z 

,.4  „4 

T  =  T 

k  =  0.5 

Temperature 

Distribution 


916.45 


Analytical 


of  Line  2 


TABLE  6. -RADIANT  FLUX  TO  TARGET  LOCATED  BELOW  END  OF  LAYER 


Layer 

Kind  of  Temp.  Distn. 

Kind  of 

Flux  in  [W/ 

cra^]  for 

Dimensions 

Approximation  T(x,y,z) 

Computation 

Absorption 

Coefficient 

[m] 

[K] 

k=l . 3  [m_1] 

k=0. 5  [ra~ 

1)  30x4x1 

Hl=  1 

None  200-33. 33x 

+  8Q0z 

Numerical 

5.44 

3.90 

2)  " 

For  all  x,y,z  1311.93 

4  4 

T  =  T 

k  =  1.3 

using  local 

vertical 

distribution 

Analytical 

6.13 

3) 

For  all  x,y,z  1386.7 

4  4 

T  =  T 

k=0 . 5 

using  local 

vert  ical 

distribution 

Analytical 

4.49 

4)  10x4x1 

Hr  1 

None  200-100x 

+  800z 

Numerical 

4.54 

3.18 

'>  1 


with  values  computed  from  temperature  distributions  inferred  and  extrapolated 
from  the  experimental  data.  Three  cases  are  examined:  tests  with  an  inert 
ceiling;  a  spreading  fire  under  a  PMMA  ceiling  and  a  steadily  burning  PMMA 
ceiling.  Data  for  the  inert  ceiling  are  obtained  from  Table  A-ll  for  a  quasi¬ 
steady  period  just  before  extinguishment  at  2700  s.  Table  A-15  is  used  for  the 
spreading  PPMA  fire,  at  a  time  after  ignition  of  1257.6  s  (extinguishment  about 
5  s  thereafter),  while  Table  A-16  contains  the  data  on  the  steadily  burning 
PMMA  fire. 

3.3.1  DISTRIBUTION  OF  PROPERTIES.  The  positions  of  the  thermocouples,  absorp¬ 
tion  coefficient  instrument  and  radiometers  are  shown  in  Figure  2.  With  the 
data  from  these  instruments  and  the  following  assumptions,  temperature  and 
absorption  coefficient  distributions  for  the  whole  ceiling  layer  are  found. 

Assumption  1.  All  properties  do  not  vary  along  the  width  (y  direction); 
i.e.,  P(x,  ,  2)  =  P(x,  y., ,  z)  for  all  y1  and  y  . 

Assumption  2.  Properties  vary  along  die  length  (x  direction)  exactly  the  same 
way  at  all  heights.  Similarly  the  variation  along  the  height  is  the  same  at  all 
lengths ; 

i.e.,  P^,  y,  zl)  -  P(xL,  y,  z^)  =  P(x2>  y,  z^)  -  P(x2>  y,  z2) 
for  all  x2,  2^  z2. 

2  3 

So,  if  P  (z)  =  b  +  b.  2  +  b0  z  +  b-  z  at  x  =  x, 
o  1  2  3  1 

2  3 

and  P  (x)  =  a  +  a  x  +  a_  x  +  a_  x  at  z  =  z. , 

2  ^  O  A.  Z  X  1 

a  two  dimensional  distribution  satisfying  the  requirements  is 
P(x,z)  -  CQ  +  aL  x  +  a2  x“  +  a3  x3 

+  bjZ  +  b?  z2  +  z3 

where  C  =  P*  +  (b  -  P  (z  ))  +  a  -  P  (x. ) ) 
o  o  1  o  z^  1 

P*  =  Actual  Property  P  at  (x^,z^)  (ideal  or  observed  value). 

Since  there  is  only  one  set  of  thermocouples  along  the  height  and  another  set 
along  the  length,  polynomial  fits  of  the  observed  temperatures  are  made  along 
height  and  along  length  and  combined  as  above  to  give  a  two-dimensional  fit. 

This  temperature  distribution  is  evaluated  at  extreme  points  to  make  sure  that 
the  range  of  temperature  is  realistic. 

As  there  is  only  one  location  where  an  absorption  coefficient  is  measured, 
Information  on  absorption  coefficient  is  limited.  The  measured  value  is  ob- 


tained  very  near  the  ceiling.  For  both  cases  where  the  ceiling  is  burning  PMMA, 
the  absorption  coefficient,  which  is  influenced  by  the  PMMA  fuel  vapor,  is 
found  to  be  3.5  Since  the  absorption  coefficient  for  a  PMMA  flame  is  known 

to  be  about  1.55  (from  reference  19),  an  average  value  of  2.5  m~l  is  used 

in  one  calculation.  A  fit  for  absorption  coefficient  over  z,  varying  from  1.5 
(where  temperature  is  maximum)  to  3.5  (where  k  is  observed)  is  used  in  a  second 
calculation.  The  absorption  coefficient  is  assumed  to  be  constant  with  respect 
to  x  and  y. 

3.3.2  ENCLOSURE  APPROXIMATIONS.  As  shown  in  Figure  2,  the  burning  part  of  the 
end-wall  does  not  extend  to  the  ceiling  and  is  narrower  than  the  ceiling.  How¬ 
ever,  the  calculations  are  done  assuming  the  whole  .46  m  wide  end-wall  is  black, 
and  is  at  636  K  (the  PMMA  vaporization  temperature) .  There  is  no  wall  at  the 
channel  outlet.  It  is  assumed  that  the  ceiling  is  a  black  surface  at  a 
measured  temperature  or  at  636  K  (for  PMMA)  above  the  layer  and  that  a  300  K 
temperature  exists  below  the  ceiling  layer.  There  are  side  walls  and  they  are 
also  assumed  to  be  black  and  at  the  ceiling  temperature  insil°  the  ceiling 
layer  and  at  300  K  (ambient)  below  it. 

When  the  flux  to  the  90°  angle  Gardon  radiometer  is  computed,  only  the 
1.2-m  length  of  ceiling  which  is  visible  to  the  radiometer  is  used.  This  layer 
section  is  taken  as  a  parallelepiped  and  not  as  a  cone,  which  is  actually  seen 
by  the  radiometer.  The  general  numerical  program  can  handle  the  cone  structure 
but  the  analytic  approximation  does  not. 

3.3.3  COMPUTATION  RESULTS.  Fluxes  to  the  total  heat  flux  gage  and  the  90n 
angle  radiometer  are  computed  using  the  numerical  scheme  described  above  and  the 
analytical  scheme  of  reference  21.  Results  are  listed  in  Tables  7  to  9  for 

the  three  separate  experiments.  The  computed  fluxes  are  on  the  whole  slightly 
lower  than  the  measured  values,  probably  due  to  thermocouple  radiation  errors 
giving  somewhat  lower  than  actual  gas  temperatures.  On  the  other  hand,  computed 
radiance  is  much  higher  than  the  observed  value  for  the  two  PMMA  ceiling  fires, 
perhaps  due  to  changes  in  radiometer  calibration.  Although  the  measured  out¬ 
puts  of  both  narrow  angle  radiometers  (Bl,  B2)  are  generally  self-consistent, 
the  slightly  higher  output  of  the  parallel  beam  instrument  (B2)  is  used  for 
comparison  with  the  calculations  in  Tables  7  to  9. 

Calculations  have  also  been  performed  to  determine  if  the  measured  PMMA  wall  mass 
flux  is  consistent  with  the  radiant  flux  level  from  the  ceiling  surface  and  gas 
layer.  For  a  vertical  target  on  the  burning  PMMA  wall  surface  during  the  quasi¬ 
steady  period  of  the  second  inert  ceiling  test  (Table  A-ll) ,  calculated  radiant 
fluxes  transmitted  through  the  PMMA  flame-^  vary  from  0.31  W/cm^  at  23  cm  to 
0.8  W/cm^  at  69  cm  above  the  ignition  point.  This  radiant  feedback  should  result 
in  a  31%  to  62%  increase,  at  these  respective  locations,  in  the  total  heat  flux 
to  the  fuel  (see  reference  15)  compared  to  that  for  a  wall  burning  in  the  open. 
Corresponding  increases  in  measured  wall  mass  flux  are  somewhat  lower,  23%  to 
44%  (see  Section  2.2.2)  since  the  mass  flux  measurements  represent  a  time-average 
over  the  entire  period  of  fire  growth. 
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TABLE  8.  COMPUTED  AND  OBSERVED  RADIANT  HEAT  LOSSES,  FULL-SCALE  TEST  8-5-80,  PMMA  CEILING 


3.4  USE  OF  THE  APPROXIMATE  RADIATION  MODEL 

When  there  are  significant  longitudinal  and  vertical  gradients  of  temperature 
and/or  absorption  coefficient  in  a  ceiling  layer,  the  radiant  flux  to  floor 
level  can  be  computed  reliably  from  the  analytic  model,  as  demonstrated  by  the 
previous  examples.  An  average  temperature  and  absorption  coefficient  for  use 
in  the  analytic  model  are  computed  from  equations  (13)  and  (14)  for  the  axial 
location  in  the  enclosure  corresponding  to  that  of  the  target. 

Normally,  data  on  gas  and  surface  temperatures  are  readily  available  but  not 
complete  information  on  infrared  absorption  coefficient  as  a  function  of  axial 
position,  x,  and  height  z.  It  is  noted  in  reference  22  that  because  the 
radiative  flux  calculation  is  relatively  insensitive  to  the  exact  value  of 
absorption  coefficient,  neglecting  the  molecular  radiators,  CO2  and  H2O,  intro¬ 
duces  little  error.  Consequently,  it  should  be  sufficient  to  assume  that  the 
spacial  variation  of  absorption  coefficient  within  the  layer  is  primarily  due  to 
the  dilution  by  ambient  temperature  air  of  constant  density  soot  particles. 

This  dilution  effect  on  absorption  coefficient  can  be  related  simply  to  gas 
temperatures  by  the  following  relation,  explained  in  reference  22: 


k(x,z)  lT(x>z) 


T(x,z)  -  T 


T  -  T 
o 


where  k0  and  1’0  are  the  measurements  of  gas  absorption  coefficient  and  gas  tem¬ 
perature  at  a  single,  reference  location  and  k(x,z)  and  T(x,z)  are  the  corres¬ 
ponding  quantities  at  any  other  axial  or  vertical  position  in  the  layer.  This 
relation  will  only  be  valid  if  total  gas  pressure  is  constant  (the  enclosure  is 
ventilated),  gas  specific  heat  is  constant  and  the  observed  temperature  distri¬ 
bution  is  due  to  entrainment  of  cold  ambient  air  into  the  layer.  Significant 
convective  or  radiative  heat  losses  to  the  ceiling,  side-walls,  or  to  floor 
level  from  the  bottom  of  the  layer  will  thus  tend  to  introduce  errors  in  the 
k(z)  obtained  from  equation  (17).  Use  of  equation  (17)  allows  the  distribution, 
k(z) ,  to  be  calculated  from  a  single  measurement  of  infrared  absorption  coef¬ 
ficient  and  plentiful  measurements  of  gas  temperature. 


IV 

SUMMARY  OK  RESULTS 


Experiments  with  full-scale  and  model  ceiling  channels  exposed  to  a  developing 

PMMA  wall  fire  yield  three  primary  results: 

1.  Pressure  modeling  predictions  of  flame  spread  rates  under  a  PMMA  ceiling, 
flame  lengths  under  an  inert  ceiling  and  radiant  heat  loss  from  the  gas 
layer  under  both  types  of  ceilings,  based  on  the  results  of  model  tests  at 
elevated  pressure,  are  in  reasonable  agreement  with  measurements  obtained 
at  one  atmosphere  (full-scale).  The  behavior  of  three  aircraft  material 
ceilings  is  not  pressure  modeled  well  since  fire  spread  is  complete  at 
elevated  pressure  but  does  not  occur  at  one-atmosphere. 

2.  A  simplified  heat  transfer  analysis  of  the  fire  spread  process  shows  that 
pressure  modeling  is  likely  to  be  more  successful  when  applied  to  thin 
flame  zones.  For  this  reason,  modeling  predictions  of  fire  growth  will 

be  less  accurate  when  applied  to  deep  ceiling  channels  than  to  vertical  walls. 
One  possible  cause  of  modeling  inaccuracy  for  the  aircraft  ceiling  materials 
is  shown  by  the  heat  transfer  analysis  to  be  the  elevated  surface  tempera¬ 
tures  associated  with  char  formation.  Another  possible  cause  is  shown  to 
be  the  excess  of  fuel  and  thermal  insulation  available  at  elevated  pressures 
due  to  the  use  of  the  same  material  thickness  as  at  full-scale.  In  contrast, 
the  PMMA  and  inert  ceiling  thicknesses  are  able  to  be  properly  scaled  in 
accordance  with  the  modeling  requirements. 

3.  Exponential  growth  factors  characterizing  fire  spread  rates,  mass  loss  rates 
and  radiant  heat  loss  are  determined  for  all  model  ceiling  configurations 

at  each  of  three  elevated  air  pressures.  Ceiling  materials  can  be  readily 
grouped  according  to  fire  growth  hazard  with  these  exponential  factors, 
with  such  grouping  being  roughly  independent  of  pressure  level. 

A  comprehensive  analysis  of  radiation  heat  transfer  from  near-ceiling  gas  layers 

yields  three  main  results: 

1.  An  exact,  numerical  solution  technique  is  formulated  for  computing  the 
radiant  flux  toward  the  floor  from  hot  gas  layers  generated  by  an  aircraft 
cabin  fire.  Arbitrary  variations  in  gas  temperature  and  absorption  co¬ 
efficient  in  all  three  dimensions  are  permitted  and  radiation  from  the 
bounding  wall  and  ceiling  surfaces  is  taken  into  account. 

2.  Simplified  analytic  and  numerical  approximations  are  developed  by  assuming 
that  only  gas  radiation  properties  along  a  vertical  ray  directly  above  the 
floor-level  target  are  Important.  A  single  gas  temperature  and  absorption 
coefficient  for  use  in  an  analytic  radiant  flux  expression  are  obtained 
from  a  suitable  spatial  average  of  this  vertical  property  distribution. 

Such  an  approximation  is  tested  and  found  to  be  capable  of  closely  re¬ 
producing  the  exact  numerical  results,  even  when  sharp,  unrealistic  changes 
in  gas  layer  properties  are  assumed. 

3.  '.'he  radiation  analyses  are  generally  consistent  with  the  experimental  data 
on  full-scale  ceiling  layer  temperature,  absorption  coefficient  and  radiant 
heat  loss.  Predicted  radiative  enhancement  of  the  full-scale  PMMA  wall  fire 
by  ceiling  layer  heat  is  also  consistent  with  the  measured  PMMA  mass  flux 

d  istribution. 
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TABLE  A-l.  UPWARD  FLAME  SPREAD  ON  PMMA  WALL 
TEST  6-10-80,  INERT  CEILING 


Time 

Pyrolysis  Height 

Flame  Height 

Is] 

[cm] 

[cm] 

19? 

10.5 

21  .0 

?‘:)2 

14.5 

23.5 

345 

16.0 

31  .0 

;>&  • 

20.0 

33.0 

461 

26.0 

37.0 

47c 

28.0 

46.0 

‘;07 

50.0 

46.0 

5  V, 

52.0 

53.5 

561 

56.0 

48 . 0 

615 

58.0 

53.0 

\ 

4  4  .0 

62.3 

6  >.8 

4  -..0 

65.3 

696 

4  2.0 

60 . 3 

72,: 

,6.0 

66.3 

7c  1 

5  5. 7 

77.3 

767 

55.5 

72.3 

7  •  -■  '>  i 

1,1  > . 8 

7'.3 

791 

oC .  5 

82 . 4 

797 

61.3 

82.4 

80  w 

6  ? .  3 

82 . 4 

8 1  9 

65 . 3 

82.  A 

808 

(■  5 . 3 

78.3 

8-1 4 

67.3 

82.4 

854 

6(> .  3 

82.4 

p r-.  o 

<  8.  9 

0>.3 

70.5 

80*  > 

■  4  •  - 

874 

71  .5 

899 

5.3 

*K5o 

76.3 

99  • 

79.3 

Exponential  Crovth 

Factors;  Fyrolysis  Height  2,651  x  10 

Flame  Height 

2,100  x  10' 
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TABLE  A-2 .  UPWARD  FLAME  SPREAD  ON  PMMA  WALL 


TEST 

6-19-80,  INERT  CEILING 

Time 

[s] 

61 

Pyrolysis  Height 
[cm] 

9.5 

Flame  He 
[cm] 

i3.5 

129 

11.5 

14.5 

180 

14.0 

16.5 

214 

16.5 

18.5 

242 

17.5 

23.0 

289 

20.0 

24.5 

901 

21.5 

26.5 

3 '8 

24.0 

27.5 

390 

28.0 

34.5 

440 

32.5 

41.5 

ABC 

35.5 

43.5 

510 

39.0 

51  .5 

540 

42.5 

55.3 

575 

46.0 

60.3 

601 

49.0 

68.8 

634 

55.3 

67.3 

647 

55.3 

71.8 

659 

57.3 

71.3 

682 

60.3 

78.3 

700 

63.3 

82.7 

721 

66.3 

82.7 

738 

68.5 

764 

72.3 

780 

75.3 

825 

80.3 

867 

82.7 

Exponential  Growth  Factors:  Pyrolysis  Height  2.759  x  10 

Flame  Height  3.001  x  10 
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TABLE  A- 3. -MASS  LOSS  RATE  OF  PMMA  WALL 
TEST  6-10-80,  INERT  CEILING 


Height  Above  Ignition 

Mass  Flux 

[cm] 

[g/m2s] 

7.6 

5.75 

23 

6.37 

38 

6.88 

53 

8.  13 

69 

10.20 

84 

10.77 

Extinguishment  1890  s  after  ignition. 

From  preceding  mass  flux  data,  average  mass  loss  rate  per  unit 
width  of  wall  at  945  s  after  ignition  is  7.22  g/ms 

Assuming  an  average  width  of  burning  wall  of  0.2  m,  total  wall  mass  loss 
rate  is  1.44  g/s 


MASS  LOSS  RATE  OF  PMMA  WALL 
TEST  6-19-80,  INERT  CEILING 

Height  Above  Ignition  Mass  Flux 


[cm] 

[g/m2s] 

7.6 

7.21 

23 

7.66 

38 

8.23 

53 

9.37 

69 

11.60 

84 

12.70 

Extinguishment  3577  s  after  ignition. 

From  preceding  mass  flux  data,  mass  loss  rate  per  unit  width 
of  wall  at  1788  s  after  ignition  is  8.52  g/ms 

Assuming  an  average  width  of  burning  wall  of  0.3  m,  total  wall  mass  loss 
rate  is  2.55  g/s 
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TABLE  A-4.  FLANE  EXTENT  UNDER  INERT  CEILINC 

TEST  6-10-80 


Time 

Flame  Length 

Is] 

[cm] 

954 

0.0 

1000 

3.0 

1050 

0.0 

1140 

6.0 

1200 

6.0 

1262 

12.2 

1519 

21.4 

1380 

21.4 

1413 

24.4 

1449 

36 . 6 

1470 

42.7 

1500 

30.0 

1530 

33.6 

1546 

42.0 

1549 

36.6 

1554 

27.5 

1564 

36.6 

1587 

39.4 

1594 

45.8 

1617 

42.7 

162? 

36.6 

1650 

61 .0 

1680 

45.8 

1713 

39.4 

1750 

51.9 

1774 

48.8 

1800 

55.7 

1825 

63.0 

TABLE  A- 5.  FLAME  EXTENT  UNDER  INERT  CEILING 


TEST  6-19-80 


Time 

[s] 

1020 

1080 

1142 

1200 

1269 

1320 

1380 

1440 

1470 

15U 

1560 

1622 

1680 

1735 

1786 

1788 

1800 

1841 

1861 

1894 

1925 

1950 

1980 

2003 

2040 

2100 

2160 

2221 

2267 

2325 

2498 

2556 

2594 

2664 


Flame  Length 
[cm] 

4.0 

10.0 

9.0 

15.0 

15.0 

20.0 

25.0 

25.0 

40.0 

40.0 

40.0 

50.0 

40.0 

50.0 

60.0 

55.0 

50.0 

60.0 

60.0 

65.0 

60.0 

55.0 

70.0 

75.0 

80.0 

98.0 

80.0 

68.0 

70.0 

80.0 

75.0 

128.0 

148.0 

120.0 


fiL 


TABLE  A- 6 .  FLAME  EXTENT  UNDER  NAFEC  if 234  CEILING 


TEST  7-9-80 


Time 

Flame  Length 

Time 

Flame  Length 

Is] 

[cm] 

[s] 

[cm] 

1143 

0.0 

1759 

52.0 

1232 

18.0 

1760 

62.0 

1271 

18.0 

1761 

42.0 

1272 

24.0 

1801 

42.0 

1324 

24.0 

1802 

42.0 

1358 

30.0 

1803 

40.0 

1359 

35.0 

1804 

42.0 

1360 

35.0 

1846 

42.0 

1394 

35.0 

1849 

62.0 

1398 

42.0 

1859 

42.0 

1461 

20.0 

1860 

42.0 

U62 

35.0 

1928 

50.0 

1463 

32.0 

1929 

55.0 

1464 

28.0 

1030 

49.0 

1502 

26.0 

1931 

43.0 

1503 

42.0 

1932 

57.0 

1528 

30.0 

1992 

57.0 

1529 

65.0 

2002 

42.0 

1531 

42.0 

2003 

67.0 

1533 

67.0 

2004 

55.0 

1543 

67.0 

2132 

57.0 

1567 

67.0 

2133 

60.0 

1568 

42.0 

2134 

56.0 

1582 

54.0 

2156 

56.0 

1589 

44.0 

2137 

55.0 

1606 

50.0 

2198 

57.0 

1609 

67.0 

2199 

60.0 

1617 

32.0 

2200 

56.0 

1619 

42.0 

2201 

67.0 

1628 

34.0 

2240 

55.0 

1629 

42.0 

2242 

57.0 

1630 

44.0 

2287 

56.5 

1631 

54.0 

2288 

60.0 

1632 

42.0 

2290 

67.0 

1663 

34.0 

1664 

35.0 

1665 

37.0 

1666 

A2.0 

1667 

34.0 

1690 

42.0 

1691 

48.0 

1692 

42.0 

1693 

44.0 

1694 

44.0 

1724 

42.0 

1725 

42.0 

1726 

44.0 

1727 

42.0 

1758 

42.0 

f>7 


TABLE 


TABLE  A- 7 .  FLAME  EXTENT  UNDEF  NAFEC  #B8811  CEILING 


TEST  7-22-80 


Time  Flame  Length 


[s] 

[cm] 

960 

0.0 

1063 

10.0 

1127 

5.0 

1135 

15.0 

1140 

15.0 

1200 

15.0 

1225 

15.0 

1264 

25.0 

1297 

30.0 

1307 

32.0 

1315 

45.0 

1321 

30.0 

1336 

46.0 

1337 

30.0 

1338 

30.0 

1353 

32.0 

1354 

32.5 

1366 

35.0 

1367 

30.0 

1378 

45.0 

1380 

35.0 

1582 

39.0 

1383 

33.0 

1405 

45.0 

1406 

38.0 

1407 

49.0 

1407 

46.0 

1420 

46.0 

1421 

44.0 

1422 

49.0 

1432 

46.0 

1446 

48.0 

1447 

52.0 

1505 

46.0 

1525 

46.0 

1548 

55.0 

1551 

48.0 

1552 

58.0 

1553 

50.0 

1577 

58.0 

1580 

46.0 

1619 

58.0 

1634 

58.0 

1667 

48.0 

1668 

46.0 

1691 

50.0 

1692 

58.0 

1693 

60.0 

1694 

62.0 

Time  Flame  Length 
[s]  fcm] 

1727  65.0 

1730  77.0 

1750  70.0 

1751  70.0 

1752  68.0 

1753  46.0 

1803  77.0 


1805 

65.0 

1807 

65.0 

1853 

58.0 

1854 

70.0 

1855 

77.0 

1856 

80.0 

1874 

77.0 

1875 

71 .0 

1876 

65.0 

1877 

77.0 

1878 

80.0 

1879 

82.0 

1916 

60.0 

1917 

62.0 

1918 

63.0 

1919 

77.0 

1948 

70.0 

1949 

75.0 

1950 

72.5 

1951 

77.0 

1987 

58.0 

1986 

93.0 

1989 

65.0 

2059 

65.0 

2060 

77.0 

2061 

90.0 

2  062 

65.0 

2085 

77.0 

2086 

77.0 

2087 

77.0 

2088 

65.0 

TABLE  A- 8.  FLAME  EXTENT  UNDER  NAFF.C  // 223  CEILING 


TEST  7-30-80 


Time 

Flame  Length 

[s] 

[cm] 

1089 

0.0 

1118 

7.6 

1 140 

7.6 

1179 

15.2 

1176 

10.2 

1199 

12.7 

1201 

15.2 

1246 

17.8 

1247 

20.3 

1248 

12.7 

1281 

17.8 

1282 

15.2 

1284 

17.8 

1299 

15.2 

1201 

15.2 

1213 

7.6 

1314 

15.2 

1313 

15.2 

1321 

17.8 

1323 

20.3 

1328 

12.7 

1232 

15.2 

1 33  ^ 

17.8 

1366 

20.3 

1 368 

20.3 

1369 

17.8 

1388 

20.3 

1389 

22.0 

1390 

17.8 

1439 

30.5 

1440 

27.9 

14  41 

30.5 

14  42 

3r%6 

1448 

17.8 

1449 

30.5 

1450 

30.5 

1451 

27.9 

1483 

27.9 

1484 

43.2 

1485 

43.2 

1494 

45.7 

1495 

40.6 

1509 

40.6 

1510 

45.7 

1511 

43.2 

1512 

45.7 

1  c45 

61 .0 

1546 

48.3 

1549 

53.3 

Time 

Flame  Length 

[s] 

[cm] 

1550 

50.8 

1551 

50.8 

1572 

58.4 

1613 

61 .0 

1614 

53.3 

1615 

50.8 

1632 

50.8 

h«) 


TABLE  A- 9.  FLANK  SPREAD  UNDER  PMMA  CETLTNG 


TEST  8-5-80 


Time 

Flame  length 

[s] 

[cm] 

971 

0.0 

1091 

10.0 

1  109 

15.0 

1 115 

30.0 

1 116 

40.0 

1128 

60.0 

1132 

70.0 

1133 

70.0 

1 '39 

80.0 

1143 

90.0 

1144 

90.0 

1156 

115.0 

1157 

125.0 

1158 

128.0 

1 159 

140.0 

1 160 

130.0 

1161 

128.0 

1164 

130.0 

1165 

130.0 

1167 

130.0 

1168 

140.0 

1173 

130.0 

1173 

135.0 

1174 

140.0 

1176 

145.0 

1177 

150.0 

1178 

140.0 

1 1 79 

140.0 

1188 

160.0 

1189 

160.0 

1 190 

220.0 

1197 

230.0 

1 198 

240.0 

Flame  Length  Exponential  Growth  Factor  =  0.0249  [s  ^]  (Regression  Coefficient  =  0.89) 
Flame  Length  Linear  Growth  Fate  =  1,95  [cm/s]  (Regression  Coefficient  =  0.92) 
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TABLE  A- 10.  TEMPERATURE  AND  RADIATION  MEASUREMENTS 
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TABLE  A-12 .  TEMPERATURE  AND  PADIATT ON  MEASUREMENTS 
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TABLE  A- 14.  TEMPERATURE  AND  RADIATION  MEASUREMENTS 
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*-  »-*-CMCir<r>inu>r'is‘U>h»t^ 


iowMnnorno*-NMfiNNW’icDOun^oun^»-^o^nMD®0)CD(OinoincoDtf)(npip)oifl 

fn<T>o»cDO'fOfoo>*-coaDcooioff»cv*“Oi*-tnor-ri(DCM^r^ro>ooior^o>ino>ts»a>CMCDoo^rr<cnc7 
i^i£>ior-r-CDcocDa>CNinf^c^or-<o<Dina)in»/>CDr*a>or-h-ininint^a»h-coif>if>^,^,co^‘«T«T'»c*)c^ 
—  *-«-*-*“«-*-o40ioiCMcocor>o<r*rin<ot-r»i'«*a>o-f-r-r-r-  ,  j 

■  ■  '  !  !  !  I 

o^inoo>(Dininr-r^(7>t^o^^in*“<j-<^ininin<Da5incico<JO(Dcotot^b*Kin»>iDir»ioonr-(00 

ioooi<x*i0o  —  «-mooicDo>o4inoiinoimo>ooint-CT>'<T«**-oD«roiiD<nc>cor>or>iOf'<t*T04oa 
(DCuji(jifftoio»-f-ir»»-»iOMj(jnioflo<iN<^«“»-^(\oin»-(Oowr)Ntfnn<r<nn©»'OPio»oo 

:  i 

I  j 

(omiDro*-cDrrinorou)cocoCT>in*-CNinofr)«3‘r^o>cnc^o^rcsr)r-r-ri^cT»,crro(y>  —  m^tocnciooi 

. . 

«-o>ooo4«rr>o»r5<£>r'>ij>L'’>r)i--Kr-.r4a>r)u>iftr*r-.o>io<0©a»auno*»-t'*t-o*ro4n©o4OW0»«-‘ 

cocoa>a>cr»ch<^o»-«?»-cooir»b-inCT>Qoc*,><,n'TCDt^ot^h-h-ou>(i>c>i^ro'^t«-i^ininc4^c<nci*-*- 

i  j 

j  I 

oif^*~r'CNf*'C\r-<Na>r><7><7ooror^omtoo^rcor,)C^«TCDCNr*(D^rr~«-ciCDr>ai,«roif)»~iD*~<D04 

in(NOMn(NOMii(voMfMn*-0)N(D5frv*-(hMO^p|)fi/>cDMOVNan£)v*-(JiN'«rcio>r'^« 
*-C4C'>rwini0tf>f'»a)(j»o>o  —  cM04r>vmtf>ts»t^a>o>o*-oico*TmiDi'~a>cJ>o*“04MO>*rinini£>o*tn 
oooooooooooOf-rrf-rf^f^f-rrMrtNwrtWrtwwrtnronwrtnnnnnn 
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TABLE  A-16 


TEMPERATURE  AND  RADIATION  MEASUREMENTS 
FULL-SCALE  TEST  8-20-80 
EUI.EY  DEVELOPED  PMMA  CEILING  FIRE 


I nslrumeut 

1  .  D . 


A  6 

A7 

A8 

A9 

A10 

All 

A12 

B2 

03 

D4 

1)3 


Measurement 

Average  Standard  Deviation 


633°C 

23°C 

708°C 

32°C 

732°C 

14°C 

84  7°C 

29°C 

764°C 

19°C 

7  37°C 

26°C 

793°C 

5 . 7°C 

0.643 

2 

W/cm  sr 

0.027 

W/cm2sr 

3.31  m  1 

0.02  m  1 

2.122 

W/em 

0.063 

2 

W/ cm 

1.882 

2 

W/ cnT 

0.040 

W/ cm2 

